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Orbital to millennial-scale variability in Gulf of Mexico sea surface temperature and 
salinity during the late Pleistocene 
 
Jessica Lorraine Whitaker 
ABSTRACT 
Sea surface temperature (SST) reconstructions from the low latitudes indicate the 
tropics/subtropics warmed significantly before glacial-interglacial decreases in global ice 
volume, suggesting the importance of tropical and subtropical climate in driving glacial 
terminations.   
ODP Site 625, drilled at a water depth of 889 m near De Soto Canyon in the Gulf 
of Mexico (GOM), provides continuous records of marine isotope stages (MIS) 1-6 
sampled at a mean temporal resolution of 400 years.  Age control is based on 8 AMS 
radiocarbon dates, marine isotope stratigraphy, and Foraminifera datum levels.  Results 
from Globigerinoides ruber (white variety) Mg/Ca-SST indicate a rise of 4.4 °C from last 
glacial maximum to modern conditions and a 3.2 °C rise from the penultimate glaciation 
to the last interglaciation.   
However, model results suggest reduced thermohaline circulation (THC) causes 
salt and heat build-up in the Atlantic Warm Pool.  Paired G. ruber Mg/Ca-SST and δ18O 
provide evidence of sub-millennial scale variability in GOM SST and SSS that is 
probably influenced by the strength of NADW production, as also observed in the 
Western Caribbean Sea.  
We test the idea that widespread abrupt climate change during the last glaciation 
caused by millennial scale fluctuations in the intensity of THC was modulated by 
Laurentide ice sheet (LIS) meltwater routed to the North Atlantic.  To understand LIS 
melting dynamics and test the Meltwater Routing Hypothesis, we investigate the phasing 
of GOM SST and LIS freshwater events in relationship to high latitude climate.  
Estimated salinities from our multi-proxy approach suggest three freshwater events with 
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a major freshwater influx from that occurred during Heinrich Event 2.  This result 
confirms previous studies that suggested LIS summer melting during warmings in 
Antarctica.     
We also find a climate reversal during termination II from 130.4-128.4 ka.  The 
initial rise in GOM SST at 132.1 ka of 2.9 °C is followed by a cold reversal of 1.5 °C at 
130.4 ka for 2 ky and final increase to full interglacial warmth.  The reversal in GOM 
SST is consonant with a pause in sea level rise and reduced NADW, suggesting a 
reduction in THC may have caused a global two-step deglaciation.   
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1. Introduction 
1.1 The role of low latitudes in climate change 
Recent evidence from the tropical Pacific and Atlantic Oceans suggests the low 
latitudes play an important role in driving glacial to interglacial climate change.  The 
Western Pacific Warm Pool, as the largest body of warm water in the modern oceans, 
affects global climate through variation in air-sea interaction modulated by sea surface 
temperature (SST) changes within the region.  Lea et al. [2000] reconstructed SST and 
the δ18O of Western Equatorial Pacific surface water over the past 450 thousand years 
based on Ocean Drilling Program (ODP) Site 806.  They discovered a 3-5 °C cooling 
during glaciations and a 3 ky lead in SST over global ice volume during the last four 
glacial terminations.  Thus, deep sea sediment records from the Western Pacific Warm 
Pool indicate the low latitudes, as an early responder to orbital insolation, play an 
important role in driving glacial to interglacial climate change.   
The Gulf of Mexico (GOM), Caribbean Sea, and tropical Northwest Atlantic 
comprise the Atlantic Warm Pool, the Atlantic portion of the Western Hemisphere Warm 
Pool.  The Atlantic Warm Pool constitutes a large part of the tropical heat engine, 
supplying moisture to the atmosphere and latent heat to North America as it evolves from 
early spring to early fall [Wang and Enfield, 2001; Wang et al., 2006].  To our 
knowledge, few studies exist in the western low latitude Atlantic Ocean that cover 
multiple glacial to interglacial cycles, and therefore the response of the Atlantic Warm 
Pool to orbital insolation is not well understood.  In contrast, there are numerous studies 
of low latitude Atlantic paleoceanography during the last deglaciation [e.g., Curry and 
Oppo, 1996; Hemming et al., 1998; Arz et al., 1999; Guilderson et al., 2001; Zahn and 
Stuber, 2002; Lea et al., 2003; Weldeab et al., 2006].  In particular, Atlantic Warm Pool 
SST during termination I [Ruhlemann et al., 1999; Flower et al., 2004; Schmidt et al., 
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2004] and II [Schmidt et al., 2004] exhibits an increase prior to changing ice volume, 
consistent with findings in the Western Equatorial Pacific [Lea et al., 2000].   
Additionally, SST changes in the Atlantic may also be associated with the relative 
strength of North Atlantic Deep Water (NADW) production.  The rapid cooling of warm, 
salty surface waters from the tropics and subsequent formation of NADW is generally 
considered to drive the Atlantic thermohaline circulation (THC) [Rahmstorf, 2006; 
Kuhlbrodt et al., 2007].  Export of NADW from the northern to southern hemisphere 
requires an equal volume of water returned through surface circulation, such that a 
reduction in deep water production would slow surface transport and sequester heat 
[Crowley, 1992; Stocker and Johnsen, 2003] and salt in the low latitudes and southern 
hemisphere [Dahl et al., 2005; Haarsma et al., 2008].   
Recent evidence from the Caribbean Sea supports the notion that orbital- to 
millennial-scale fluctuations in Atlantic THC influence SST and sea surface salinity 
(SSS) in the western tropical Atlantic.  Deglacial SST from the eastern Caribbean Sea 
[Ruhlemann et al., 1999] indicates warming coeval with excursions to near-glacial 
conditions (Heinrich Event 1 and the Younger Dryas) in the North Atlantic and reduced 
THC [Boyle and Keigwin, 1987].  In addition, reconstructed Northwest Atlantic SSS 
variability [Schmidt et al., 2006] is coincident with Caribbean SSS and in phase with 
rapid climate change of marine isotope stage (MIS) 3 in Greenland.  On the orbital scale, 
ODP Site 999 (see Figure 1 for location) reveals increased SSS during intervals of 
reduced NADW production [Schmidt et al., 2004].  These studies suggest SST and SSS 
in the western low latitude Atlantic is closely connected to the changing strength of THC 
through associated changes in the mean position of the Inter-tropical Convergence Zone 
(ITCZ) and heat and salt transport variability.   
1.2 Laurentide ice sheet meltwater  
Widespread, abrupt climate change manifested in Greenland air temperature (i.e., 
Greenland stadials/interstadials or Dansgaard/Oeschger Events [Dansgaard et al., 1993], 
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tropical [Peterson et al., 2000] and extra-tropical hydrology [Wang et al., 2001], and 
tropical SST [Lea et al., 2003] occurred in synchroneity during the last glaciation.  
Abrupt reorganization in ocean circulation, modulated by NADW formation, is the 
leading hypothesis to explain coeval variability in the northern high latitudes and low 
latitudes [Broecker, 1985; Broecker et al., 1989; Clark et al., 2001].  Proxy evidence of 
rapid decreases and resumptions of North Atlantic deep circulation during termination I 
[Boyle and Keigwin, 1987; McManus et al., 2004] and MIS 3 [Keigwin and Boyle, 1999] 
support this hypothesis.  Additionally, models of NADW sensitivity to freshwater 
injection suggest rapidly melting Northern Hemisphere ice sheets are capable of 
disrupting NADW formation, consequently reducing THC and triggering a return to 
glacial conditions in the North Atlantic [Ganopolski and Ramstorf, 2001].   
Figure 1.  Location map for ODP Site 625 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Map showing the location of ODP site 625 (28°49.9 N, 87°09.6 W) in the northeastern GOM and core locations for Orca 
Basin (26°56.77 N, 91°20.74 W), Pigmy Basin (27°11.61 N, 91°24.54 W), ODP 999 (12°45 N, 78°44 W), and Ceara Rise EW9209-1 
(5° N, 43° W). 
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Melting of the Laurentide ice sheet (LIS) and subsequent production of large 
amounts of freshwater directed to the North Atlantic could explain rapid changes in THC 
[Broecker et al., 1989; Clark et al., 2001].  The Mississippi River system, currently 
draining the continental U.S. from the Rockies to the Appalachians, was one of a number 
of conduits for drainage of the LIS throughout the late Pliocene and Pleistocene.  
Isotopically light glacial waters entering the Mississippi River system along the southern 
margin of the LIS mixed with both Mississippi River water and precipitation before 
injection to the Gulf.  GOM sediment records have revealed glacial discharges during the 
late [Kennett and Shackleton, 1975; Emiliani et al., 1975; Leventer et al., 1982] and early 
Pleistocene [Joyce et al., 1993].  However, variability in the ice sheet geometry (e.g., 
isostatic rebound and melting along the southern margins) affected the continental 
drainage patterns, perhaps directing meltwater through eastern outlets, including the St. 
Lawrence River, to the North Atlantic.  In fact, the switching between southern and 
eastern routed glacial meltwater is thought to trigger swings in North Atlantic climate by 
affecting meridional heat transport during the last deglaciation (termination I) [Broecker 
et al., 1989] and over MIS 3 [Clark et al., 2001], which we term the Meltwater Routing 
Hypothesis.    
  As of yet, it is unclear whether or not the full 6/5 glacial termination 
(termination II or penultimate deglaciation), as well as smaller glacial-interglacial 
transitions, such as MIS 5d/5c, 5b/5a, and 4/3, were associated with similar meltwater 
discharge and consequential climate change.  It is equally unknown how the timing of 
these events, if they existed, relates to millennial-scale warm intervals known from 
Greenland and Antarctic ice core records.  Phasing of SST and δ18O of seawater 
(interpreted to reflect salinity variability) in the GOM during termination I appears to be 
asynchronous with Greenland air temperature, and instead reflects similar pacing as 
Antarctic air temperature [Flower et al., 2004].  Thus the initial forcing to instigate these 
large meltwater perturbations is still ambiguous.  Since the timing of southern routing of 
LIS meltwater has implications for potential disruption of THC during late Pleistocene 
millennial-scale climate changes, resolving the phasing of regional SST and LIS 
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meltwater events in relationship to high latitude records will increase understanding of 
the role of the low and high latitudes in climate change.    
The northeastern GOM, with relatively high sedimentation rates, provides sub-
millennial to orbital scale records of  Atlantic Warm Pool climate change.  Here we 
report new paired planktic foraminiferal δ18O and Mg/Ca data from Northeast GOM ODP 
Site 625.  Results indicate a 3.2-4.4 °C glacial-interglacial SST change over the last two 
glacial terminations, with no substantial SST rise preceding global ice volume during the 
last two glacial terminations.  In addition, significant SST and SSS changes on the 
millennial-scale are consistent with modulation by THC variability.  
2.  Core location and methods 
2.1 Core location 
ODP Site 625 (28°49.9N, 87°09.6W; see Figure 1) is located in the northeastern 
GOM, approximately 246 km east of the current position of the Mississippi River delta.  
The drill site is south of the axis of De Soto Canyon, and receives fine terrigenous 
sediments from the northern GOM and carbonate sediments from the West Florida slope, 
in addition to pelagic rain [Shipboard Scientific Party, 1985].  Two holes drilled in 1985 
at Site 625 during the shakedown cruise of the JOIDES Resolution recovered over 230 m 
of sediments in 899-900 m water depth, from which we examine the top 17.81 m.  Large 
aragonitic pteropods and intact spines on individual planktic Foraminifera indicate 
excellent preservation and very little to no dissolution.  
2.2 δ18O and Mg/Ca analyses   
Sediment samples were processed based on the standard procedure for the 
Paleoceanography, Paleoclimatology, Biogeochemistry (PPB) Laboratory at the College 
of Marine Science, University of South Florida.  Wet sediments were freeze dried to 
obtain dry bulk weights, washed over a 63 µm sieve to remove clay and silts, filtered to 
remove water, dried in a 50 °C oven, and weighed again.  When possible, each sample 
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was picked for ~60 Globigerinoides ruber (white) in the 250-355 µm size fraction and 
split into two aliquots for stable isotope and Mg/Ca analyses.  The tests (shells) were 
gently sonicated for ~5 seconds in methanol, dried, and weighed in order to assess the 
effects of post-depositional dissolution.  In order to achieve homogenization of each 
stable isotope sample, we typically pulverized ~30 individuals (300-400 µg) between two 
glass plates from which we removed ~50µg for isotopic analysis.  For benthic stable 
isotope analysis, we picked between 5-20 individual Cibicidoides spp.  Three samples 
were lacking in Cibicidoides spp. and so Uvigerina spp. was analyzed instead.  Benthic 
samples were prepared as previously described for G. ruber with the exception of 
crushing and homogenization.  Since deep sea benthic Foraminifera secrete thicker tests 
than G. ruber, we were unable to fully pulverize the sample, and instead, crushed the 
tests open and homogenized.  Stable isotope mass spectrometry was performed at the 
PPB Laboratory using a ThermoFinnigan Delta Plus XL dual-inlet mass spectrometer 
with an attached Kiel III carbonate preparation device.  We report isotopic data on the 
Vienna-Pee Dee Belemnite (VPDB) scale calibrated with the international standard NBS-
19.  Analytical precision for stable isotope measurements is 0.06 ‰ for δ18O and 0.04 ‰ 
for δ13C based on over 500 NBS-19 standards run during the interval ODP 625 samples 
were run.  Replicate precision based on 48 replicates and triplicates is ± 0.2 ‰ for δ18O 
and ± 0.1 ‰ for δ13C.  To bring the benthic stable isotope data closer to equilibrium with 
ambient seawater we apply the following correction recommended by Duplessy et al. 
[1984]: 
Cibicidoides spp. = +0.64 ‰ for δ18O  
The second aliquot of ~30 tests was gently crushed open between glass plates to 
remove chamber fill and subjected to an extensive cleaning process modified from 
Barker et al., [2003].  The procedure can be broken into three parts: samples were 1) 
sonicated in MilliQ water and methanol numerous times to remove fine clays, 2) bathed 
in 1% buffered peroxide solution within a hot water bath for approximately 10 minutes to 
remove organic matter, and 3) briefly sonicated in a weak acid leach (0.001 M HNO3) to 
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remove any adsorbents.  To minimize calcium concentration effects, we dissolved the 
calcite in sample weight-determined volumes of 0.075 M HNO3 to attain calcium 
concentrations of ~20 ppm.  Samples were analyzed at the PPB Laboratory using a 
Perkin Elmer Optima 4300 dual-view inductively coupled plasma-optical emission 
spectrometer (ICP-OES).  Elements Mn, Fe, and Al were analyzed along with Mg and Ca 
as a qualitative check on clay contamination.  The analytical precision for this study is 
<0.28 % root-mean standard deviation, based on a calibrated ICP-OES solution.  
Replicate precision was ± 0.25 mmol/mol (n = 37), which translates to ± 0.76 °C error 
based on the Anand et al. [2003] equation.  Raw data for ODP Site 625 can be found in 
Figure 2. 
3. Age Model 
Constructing a robust age model allows for comparison to other climate records of 
interest.  We employed three techniques, which include planktic Foraminifera biozones, 
radiocarbon, and isotope stratigraphy, to convert depth to calendar years.   
3.1 Foraminifera datum levels  
 
The reappearance of the Globorotalia menardii complex (G. menardii, G. 
tumida), characterizes the boundary between biozones Z and Y, and is a well established 
[Ericson and Wollin, 1968; Kennett and Huddleston, 1972; Kennett et al., 1985; Flower 
and Kennett, 1990] indicator of the beginning of the Holocene in the low latitudes.  We 
used a published radiocarbon age for the Z/Y boundary [Kennett et al., 1985], which was 
found at 0.95-1 m below sea floor (mbsf) in ODP Site 625  (Table 2).   
Globorotalia tumida flexuosa, an extinct, warm water Foraminifera species, exists 
in Pleistocene-age sediments.  We used the last local occurrence (LLO) of G. flexuosa, 
found at 13.5-13.55 mbsf (Table 2), reported as 90 ka for the Western GOM and 75 ka 
for the Caribbean Sea by Kennett and Huddleston [1972], as an indicator of stage 5 
sediments (Table 2).   
 8  
Figure 2.  Raw G. ruber stable isotope and Mg/Ca data for ODP Site 625 versus core 
depth  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Raw G. ruber (a) δ18OC, (b) Mg/Ca, and (c) δ13C data.  Blue dots indicate replicate measurements and pink dots indicate 
triplicate measurements. 
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3.2 Radiocarbon 
Accelerator mass spectrometry (AMS) dating of monospecific foraminiferal 
calcite from 5-9 mbsf  of Hole 625 C, performed at the Center for Accelerator Mass 
Spectrometry, Lawrence Livermore National Laboratories, provided age control from 
early MIS 2 to late MIS 3 (~20-36 ka) (Table 1).  We used a 400 year reservoir correction 
and calibrate radiocarbon years to age in thousands of years B.P. (ka) using a high 
resolution radiocarbon calibration from Cariaco Basin sediment cores [Hughen et al., 
2006].  Calibration of the Cariaco Basin grayscale record to 50 ka was achieved by 
correlation to an absolute dated (238U/232Th) Hulu Cave speleothem δ18O record [Wang et 
al., 2001].   
Table 1.  Radiocarbon Ages for ODP Hole 625 C  
CAMSa  
Number 
Core Depth 
(m) 
14C AMSa 
Age (ka) 
14C Error (y) Calibrated Age (ka) 
Calibrationc   
Error (y) Total Error (y) 
130330 5.05 18.80 230 20.9 455 509 
130331 5.75 23.12 220 26.05 552 594 
130332 6.4 20.24 170 22.62 487 515 
130333 6.55 23.43 150 26.43 556 575 
130334 7.3 17.63 70 19.7b 455 460 
130335 8 24.80 130 27.67 582 596 
130336 8.2 28.89 220 31.41 654 690 
130337 8.4 29.30 230 32.52 676 714 
130338 9 32.89 350 36.21 746 824 
a All AMS dates were performed at the Center for Accelerator Mass Spectrometry (CAMS), Lawrence Livermore National 
Laboratory, AMS is accelerator mass spectrometry 
b Date not included in age model due to stratigraphic inconsistencies.   
c Calibration error was estimated from error reported in Hughen et al, [2006] which compounds error from Cariaco 14C measurements 
and calibrating Cariaco grayscale to Hulu Cave 238U/232Th absolute dates.     
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3.3 Isotope stratigraphy 
The rhythm of glacial to interglacial climate change is generally attributed to 
cyclic modifications in the intensity of boreal summer insolation [Emiliani et al., 1955; 
Hays et al., 1976; Imbrie et al., 1984; Raymo et al., 2006].  The SPECMAP chronology 
[Imbrie et al, 1984] relies on the assumption that global ice volume responds to insolation 
variance associated with changes in the Earth’s orbital geometry (i.e., Milankovitch 
cycles).  We identify isotopic stage transitions and sub-stages in our G. ruber δ18OC 
record coupled with a short benthic δ18OC record from Cibicidoides spp. (Figure 3 and 
Table 2) and apply age based on correlation to the SPECMAP stack [Imbrie et al., 1984].   
 
 
a Z/Y boundary age based on radiocarbon age from Kennett et al. [1985] calibrated to calendar years using Hughen et al. [2006]. 
b this study; not used as age control point 
c Depth determined from published oxygen isotope record on ODP Hole 625 B, [Joyce et al., 1990] 
d Ages for isotopic stage transitions and sub-stages are from Imbrie et al. [1984].   
 
 
 
Table 2.  Age control for ODP Site 625  
Event Core Depth  (m) Age (ka)
d 
Z/Y Boundary 0.95 - 1 10.65a 
2.0 1.15 12 
3.0 5.15 24 
4.0 11.79 59 
5.0 13.2 73.91 
LLO G. flexuosa 13.5-13.55 78.6b 
5.1 13.8 80 
5.2 14.28 87 
5.3 14.77 99 
5.4 15.11 107 
5.5 15.76 122 
6.0 16 128 
6.4 17.1 151 
7.0 19.65c 186 
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3.4 Depth to age (ka) conversion 
 We sampled Holes 625 B and C at 2-5 cm resolution from 0-17.81 mbsf.  We 
correlated depth between the two holes by comparing whole core measurements of 
magnetic susceptibility.  Prior to splitting, each section passed through a 400 mm sensing 
loop where rapid measurements of magnetic susceptibility were obtained every 10 cm.  
Results indicated no significant depth offsets in the 0-20 m interval between Holes 625 B 
and 625 C [Shipboard Scientific Party, 1985]. 
 We converted our composite depth for Holes 625 B and C to age (ka) by applying 
a weighted curve fit with a 40% smoothing factor (Figure 3).  This function fits a curve to 
the 21 age control points (see Tables 1 and 2) using the locally weighted least squares 
regression method.  The 40% smooth was chosen to maximize fit and minimize large 
changes in sedimentation rate.  Total error associated with our age model ranges from ±  
509 years on our youngest radiocarbon date to ± 3000 years based on correlation to 
SPECMAP.  Error for radiocarbon dates was calculated by compounding analytical error 
from our 14C measurements, analytical error from 14C measurements from Cariaco Basin, 
and error associated with calibrating Cariaco radiocarbon to Hulu Cave as reported by 
Hughen et al. [2006].  Error for SPECMAP correlations is based on the most 
conservative estimate of error reported by Imbrie et al. [1984].  
4.  Results and Discussion 
4.1 Raw stable isotope and Mg/Ca data 
Globigerinoides ruber, a symbiont-bearing species of planktic Foraminifera, 
inhabits the upper 50 m of the GOM [Bé and Tolderlund, 1971], thrives in oligotrophic to  
mesotrophic environments [Zaric et al., 2005], and is abundant in GOM deep sea 
sediments [Orr, 1969; Kennett and Huddleston, 1972; Brunner, 1979; Kennett et al., 
1985].  Well established relationships of stable isotope and geochemical composition of 
G. ruber calcite to physical conditions make it an ideal proxy for sea surface conditions 
in the GOM.   
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Figure 3.  Age model for ODP Site 625  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  ODP site 625 raw G. ruber (black) and benthic (red) foraminiferal δ18OC plotted with age model.  (a) Age model for spliced 
Holes 625 B and 625C over MIS 1-6 with Foraminifera datum levels (green), 14C AMS dates (red) (calibrated to calendar years using 
a Cariaco Basin radiocarbon calibration [Hughen et al., 2006]), and marine isotope stratigraphic points (blue) based on SPECMAP 
[Imbrie et al., 1984].  Depth was converted to age (ka) by applying a 40% weighted smooth to 21 age control points (see Tables 1 and 
2).  (b) Raw G. ruber δ18OC and (c) benthic δ18O of Cibicidoides spp corrected +0.64 ‰ [Duplessy et al., 1984] to compare with three 
Uvigerina spp. values versus core depth.  Age for the Z/Y boundary was determined from core depth in 625 and radiocarbon age from 
Kennett et al. [1985] calibrated to age (ka) using Hughen et al. [2006].  The last local occurrence (LLO) of G. flexuosa in the GOM 
[our age model suggests an age of 78.6 ka for the LLO G. flexuosa] was not used in age model.  Note that error bars are within 
symbols for radiocarbon. 
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The ratio of magnesium to calcium in planktic foraminiferal calcite is 
thermodynamically controlled [Chave, 1950; Savin et al., 1973; Nurnberg et al., 1996; 
Hastings et al., 1998; Lea et al., 1999] and therefore provides an estimate of seawater  
temperature at calcification depth.  There have been a number of studies conducted to 
calibrate planktic foraminiferal Mg/Ca values to temperature that involve a variety of 
methods, including direct measurements of Mg-calcite growth kinetics with varying 
temperature [Elderfield and Ganssen, 2000], controlled culture experiments [Lea et al., 
1999], core-top Mg/Ca measurements coupled with annual SST [Dekens et al., 2002], 
and Mg/Ca and δ18O of the calcite (δ18OC) measurements from sediment-traps for 
calibration to temperature at estimated calcification depth [Anand et al., 2003].  All 
experiments revealed an exponential relationship where Mg/Ca values increase by ~8-10 
% per 1 °C increase in temperature.  The Anand et al. [2003] calibration: 
Mg/Ca = 0.449(0.09 • SST (°C))          (1) 
was used in this study because: 1) numerous studies have confirmed the exponential 
constant of 0.09, 2) it represents a species-specific equation for the 250-350 µm size 
fraction, 3) application of this equation with modern Pigmy Basin (see Figure 1) core top 
values of G. ruber Mg/Ca, 4.43 ± 0.03 mmol/mol [Richey et al., 2007], yields a SST of 
25.4 °C, equivalent to the modern annual average SST for the northern GOM 
[NOAA/OAR/ESRL, 2008], and 4) to maintain intra-laboratory consistency in SST 
estimation on G. ruber (white) from GOM sediment samples [e.g., LoDico et al., 2006; 
Richey et al., 2007].   
A number of studies report a significant change in the magnesium content of 
foraminiferal calcite with large changes in salinity.  Culture experiments by Nurnberg et 
al. [1996] showed 110 % increase in shell magnesium with a 10 psu increase in salinity.  
Nurnberg et al. [1996] speculated that the increased uptake in magnesium associated with 
higher salinities is related to known increased feeding and metabolic activity amongst 
foraminifers growing in more saline waters, as reported by Hemleben et al. [1987].  More 
recently, Ferguson et al. [2008] examined Mediterranean Sea core top Foraminifera over 
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a salinity range of 36-40 psu and found Mg/Ca values exceeded predicted values based 
on calcification temperatures.  Ferguson et al. [2008] concluded salinity accounts for ~30 
% change in Mg per psu change within the Mediterranean Sea.  They also pointed out the 
effect of higher salinity during the LGM (from the 120 m drop in sea level globally) on 
estimating sea surface temperatures in the highly evaporative low latitudes.  An 
examination of modern G. ruber Mg/Ca values from 78 coretops in a north-south transect 
of the Atlantic Ocean [Bice et al., 2006; deMenocal et al., 2007] lends further support to 
these findings.  Bice et al. [2006] and deMenocal et al. [2007] found significant 
correlation between G. ruber individuals with “excess Mg” in areas of high salinity, such 
as the subtropical gyres. 
The effects of salinity on foraminiferal Mg/Ca may be minimal in the GOM for 
three reasons: 1) predicted Mg/Ca values based on calcification temperature, assumed to 
reflect the annual average GOM SST, are not exceeded on modern core top Mg/Ca 
measurements of G. ruber [Richey et al., 2007]; 2) GOM Mg/Ca-SST reconstructions for 
the LGM [Flower et al. 2004; Nurnberg et al., in press; this study] are consistent with 
estimates based on Uk37 [Jasper and Gagosian, 1989] in that both techniques suggest 
greater ∆LGM-Holocene SST than predicted by CLIMAP [CLIMAP Project Members, 
1976].  If higher salinity during the LGM accounted for 20-50% of the Mg incorporated 
in G. ruber calcite, our SST estimates would underestimate LGM cooling and increase 
the inconsistency between faunal and geochemical SST proxies.  Finally, 3) De Soto 
Canyon SSS ranges between 32.6-35.6 psu and averages 35.5 psu annually [Levitus and 
Boyer, 1994], well below salinities (>36 psu) shown to affect Mg content in foraminiferal 
calcite [Nurnberg et al. 1996; Bice et al., 2006; deMenocal et al., 2007; Ferguson et al. 
2008].     
 The G. ruber Mg/Ca values for ODP Site 625 range from 2.4 to 5.3 mmol/mol 
with an average of 3.65 mmol/mol (Figure 2), which converts to a temperature range of 
~19-27 °C, and a mean temperature of 23.3 °C, using a species-specific equation [Anand 
et al., 2003] (Figure 4).  To assess changes in northern GOM SST over the last 155 ky we 
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compare our Mg/Ca values and SST estimates to the modern (0 yr BP core-top) Mg/Ca 
ratio for G. ruber (white), 4.43 ± 0.03 mmol/mol, and associated modern SST, 25.4 °C, 
from nearby Pigmy Basin [Richey et al., 2007] (see Figure 1 for location and Table 3).   
Table 3.  Average SST at ODP Site 625 
MIS Mg/Ca (mmol/mol) n SST (°C) 
∆ Modern 
(°C) 
1 3.79 ± 0.62 27 23.7 ± 2.6 -1.7 ± 2.6 
2 2.97 ± 0.24 27 21.0 ± 1.3 -4.4 ± 1.3 
3 3.41 ± 0.31 105 22.5 ± 1.4 -2.9 ± 1.4 
4 3.56 ± 0.22 28 23.0 ± 0.97 -2.4 ± 0.97 
5a 3.83 ± 0.3 14 23.8 ± 1.2 -1.6 ± 1.2 
5b 3.89 ± 0.17 11 24.0 ± 0.7 -1.4 ± 0.7 
5c 4.22 ± 0.27 12 24.9 ± 1.0 -0.5 ± 1.0 
5d 4.22 ± 0.28 11 24.9 ± 1.0 -0.5 ± 1.0 
5e 4.94 ± 0.3 11 26.6 ± 0.96 1.2 ± 0.96 
6 3.66 ± 0.23 50 23.3 ± 0.99 -2.1 ± 0.99 
a Marine isotope stage boundaries determined from G. ruber δ18OC, supplemented by Mg/Ca-SST and benthic δ18O 
b Values from clear transitions not included in average 
c Sea surface temperature (SST) from converting G. ruber Mg/Ca values using Mg/Ca = 0.449[0.09 • SST (°C)] [Anand et al., 2003]   
d Change in SST from modern value, 25.4 °C, determined from Pigmy Basin core-top Mg/Ca [Richey et al., 2007] 
 
The penultimate glaciation (MIS 6) and peak interglacial (MIS 5e) had average 
Mg/Ca ratios of 3.6 ± 0.23mmol/mol (0.77 mmol/mol lower and 2.1 °C colder than 
modern SST) and 4.94 ± 0.3 mmol/mol (0.51 mmol/mol higher and 1.2 °C warmer than 
modern SST), respectively.    The LGM and early to middle Holocene had average 
Mg/Ca ratios of 2.97 ± 0.24 mmol/mol (1.46 mmol/mol lower and 4.4 °C colder than 
modern SST) and 3.79 ± 0.62 mmol/mol (0.64 mmol/mol lower and 1.7 °C colder than 
modern SST), respectively.  The last interglacial in the northern GOM peaked around 
116-122 ka and was a substantial 1.2 ± 0.96 ° C warmer than modern SST.  The 
penultimate glaciation average Mg/Ca value is 0.69 ± 0.23 mmol/mol higher than the 
average LGM Mg/Ca value, which indicates the penultimate glaciation was 2.3 ± 1.63 °C 
warmer than the LGM.  The finding of warmer Northeast GOM conditions during MIS 6 
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than MIS 2 is similar to a Mg/Ca record generated on another De Soto Canyon core, 
MD02-2575, extracted nearby (29°N 87°07.13W) [Nurnberg et al., in press]. 
G. ruber δ18OC values range from 1.28 to -2.6 ‰ VPDB with an average of -0.14 
‰.  Glacial to interglacial δ18OC amplitude is 2.7 and 3 ‰ for terminations I and II 
respectively.  Global sea level may account for ~1‰ [Adkins et al., 2002] and glacial to 
interglacial temperature change accounts for 0.77 ‰ [3.7 °C * (0.208 ‰ · T °C)] for 
termination I and 0.69 ‰ [3.3 °C * (0.208 ‰ · T °C)] for termination II.  Therefore, the 
residual δ18OC change, 0.93 ‰ and 1.31 ‰ respectively, reflects changes in SSS.   
4.2 Northeast GOM SSS variability 
The use of Mg/Ca as an independent proxy for SST paired with δ18OC allows us 
to remove the effects of temperature on the δ18OC and isolate the δ18O composition of the 
seawater in which the Foraminifera calcified (denoted δ18OSW).  Estimating δ18OSW 
requires an established relationship between temperature and δ18OC for G. ruber.  
Development of this relationship for foraminiferal calcite involved culturing experiments 
in high-light and low-light conditions on Orbulina universa, a species of subtropical, 
symbiont-bearing planktic Foraminifera [Bemis et al., 1998].  Bemis et al. [1998] 
quantify the temperature effect on δ18OC under high-light conditions:   
T (°C) = 14.9 – 4.8 * (δ18OC -   δ18OSW)      (2) 
Application of this equation to sediment-trap samples of G. ruber in the Santa Barbara 
Basin, CA shows good agreement with observed SST [Thunell et al., 1999].  Therefore, 
we applied this equation to paired measurements of G. ruber Mg/Ca and δ18OC from the 
same samples in ODP 625 to yield the δ18OSW.  We add 0.27 ‰ [Hut, 1987] to convert 
δ18OSW to Vienna-Standard Mean Ocean Water (VSMOW) scale (Figure 4).   
On timescales greater than 10 ka, variability in δ18OSW contains the effects of ice 
volume, which alters the δ18O of seawater due to the preferential removal and storage of 
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the lighter isotope of oxygen (16O) in ice during glacials, leaving the oceans enriched in 
the heavier isotope (18O).  For example, during the last glacial maximum (LGM), global 
sea level, known from coral records, was ~120 m below present, effectively increasing 
the mean isotopic value of global seawater by ~1 ‰ [Fairbanks, 1989; Bard et al., 1996].  
LGM δ18OSW was determined from measurements of pore water samples from LGM-age 
sediments as 0.99 ± 0.17 ‰ VSMOW, and a relationship between δ18OSW and sea level 
change of 0.083 ‰ ·10 m-1 was established [Adkins et al., 2002]:  
0.99 ± 0.17 ‰ ÷ 120 m = 0.0083 ± 0.0014 ‰ per 1 m  
Sea level reconstruction is complicated by glacio-hydro-isostatic changes and 
tectonic uplift or subsidence.  Cores retrieved from submerged coral reefs of Acropora 
palmata, and other shallow water species, have the advantage of absolute dating 
(238U/232Th) and high resolution, yet only exist for the last termination [e.g., Fairbanks, 
1989; Bard et al., 1996] and late MIS 3 [Peltier and Fairbanks, 2006].  Coral terraces, on 
the other hand, provide longer records of sea level variability based on a few isolated 
high stands over the last 200 ka [Chappell and Shackleton, 1986; Chappell et al., 1996].  
Sea level records determined from deep benthic foraminiferal δ18OC have the 
advantage of supplying a continuous, high resolution record.  However, changes in deep 
sea temperature, salinity, and temporal variability in the isotopic composition of ice 
sheets compromise the sea level record embedded in the δ18O of benthic foraminiferal 
calcite.  To remove the effects of regional hydrologic variability and deep water 
temperature and salinity change, records from various sites are stacked and smoothed.   
In this study we used the highest resolution sea level record available for our time 
period (0-155 ka), which is developed from a benthic Foraminifera stack record tuned to 
orbital insolation [Waelbroeck et al., 2002].  We convert to δ18OSW equivalent by 
applying a relationship of 0.083 ‰ per 10 m change in sea level [Adkins et al., 2002], add 
0.27 ‰ [Hut, 1987] to convert VPDB to VSMOW, and denote ice volume corrected 
δ18OSW as δ18OGOM. 
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Figure 4.  Paired δ18OC and Mg/Ca SST data, calculated δ18OSW versus age (ka)   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Paired G. ruber (a) δ18OC and (b) Mg/Ca-sea surface temperature (SST) from converting G. ruber Mg/Ca values using 
Mg/Ca = 0.449[0.09 • SST (°C)] [Anand et al., 2003] and (c) δ18OSW calculated from paired δ18OC and Mg/Ca-SST using SST (°C) = 14.9–
4.8 (δ18OC - δ18OSW [Bemis et al., 1998] over the last 155 ky.  Blue bars refer to glacial stages 2, 4, and 6.   
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respectively.  Second, the amount of Mississippi River discharge to our core site, which 
may be affected by the amount of precipitation on the continent, will influence δ18OGOM.  
For example, changes in the position of the Mississippi River delta may have influenced 
freshwater input to the northeast GOM [Tripsanas et al., 2007].  Third, freshwater 
associated with melting of the LIS has been shown to influence the δ18OGOM [Kennett and 
Shackleton, 1975; Emiliani et al., 1975; Leventer et al., 1982; Joyce et al., 1993; Flower 
et al., 2004; Hill et al., 2006].   
Isolating the change in the δ18O of GOM surface water allows us to assess 
variability in SSS, depending on changing contributions from isotopically different end-
members.  We estimated SSS changes by establishing a relationship between salinity and 
the δ18OGOM (Figure 5).  This is achieved by creating a simple mixing model between the 
modern end-member for our core site (S = 35.5 psu, [NOAA/OAR/ESRL, 2008]; δ18OSW = 
1.2 ‰ VSMOW, [Fairbanks et al., 1992]) and a low salinity end-member.  We use three 
possible low salinity end-members, -3.5 ‰ for modern GOM precipitation [Bowen and 
Revenaugh, 2003], -7 ‰ for the average isotopic composition for Mississippi River 
[Ortner et al., 1995], and -27.5 ‰ reflecting the average isotopic composition of the LIS 
over the last 120 ky [Sima et al., 2006].  As evident from the box model, the more 
negative low salinity end-member (i.e., -27.5 ‰) yields the smallest change in salinity 
per unit change in δ18OGOM.  It should be noted that the modern salinity range for the 
northeast GOM is ~3 psu [NOAA/OAR/ESRL, 2008]. 
Changes in SSS, defined by deviations from modern mean annual salinity for our 
core site (35.5 psu), range from as large as -6 psu and +10 psu to -1 psu and +1.5 psu, 
depending on the low salinity end-member (Figure 6).  Glacial stages 4 and 6, as well as 
sub-stages 5a and 5c are saltier than present.  Quantifying the magnitude of salinity 
change, however, is difficult owning to the uncertainty in the relationship between 
salinity and δ18OGOM in the past.    We are unable deconvolve the different contributions 
of Mississippi River, precipitation, glacial meltwater, and possible salt accumulation 
associated with reduced THC.  Furthermore, the low-salinity end-member contributing to 
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δ18OGOM probably changes with time, such that our calculated SSS reflects the total range 
of possible SSS changes.  However, the unreasonable salinity changes associated with the 
-3.5 ‰ end-member suggests the change δ18OGOM are not likely due to precipitation 
variability.  On the other hand, the 2-4 psu change during colder periods implied by the -7 
‰ end-member is of the same order of magnitude of SSS change predicted for the GOM 
by a model of reduced NADW volume [Haarsma et al., 2008].  Therefore, it is likely that 
variability in δ18OGOM exceeding 0.5 ‰ (i.e., greater than total precision) is a result of 
some combination of glacial freshwater and increased Mississippi River influx. 
Figure 5.  δ18OGOM and sea surface salinity mixing model for the Gulf of Mexico 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Relationship between the oxygen isotopic composition and salinity of GOM surface waters.  Each line represents a 
conservative mixing scenario between different low salinity (i.e., fresh) isotopic end-members and a high salinity end-member, δ18OSW 
= 1.2 ‰ VSMOW [Fairbanks et al.,1992] and 35.5 psu [NOAA/OAR/ESRL, 2008].  Low salinity end-members are: (1) -3.5 ‰ for 
GOM precipitation [Bowen and Revenaugh, 2003], (2) -7 ‰ for the average isotopic composition for MR [Ortner et al., 1995], (3) -
27.5 ‰ represents the average modeled isotopic composition of LIS over the last 120 ky [Sima et al., 2006].  Note the more negative 
the low salinity isotopic end-member, the smaller the change in salinity per unit change in δ18OGOM. 
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Estimating SSS during warmings is complicated by potential meltwater influx to 
the GOM.  The penultimate deglaciation and 4/3 transition are characterized by large 
changes in SSS, from saltier glacial conditions to near modern conditions in less than 2 
thousand years (Figure 6).  The most conservative estimate of salinity suggests 
substantial glacial meltwater influence, a deduction supported by models of reduced 
Atlantic THC.  Haarsma et al. [2008] conclude a consequential 1 psu increase in GOM 
SSS during reduced THC strength.  Thus, changes in SSS greater than ± 1 psu and cannot 
be explained by a decrease in NADW production, suggest a change in source water 
contribution (i.e., meltwater).  Overall, this study, while unable to quantify the magnitude 
of salinity change, offers a possible range of salinity change.  Proxy records from other 
archives sensitive to salinity variability are needed to fully characterize the changing 
contribution of each low salinity end-member through time.  The ratio of barium to 
calcium in planktic Foraminifera shows a positive relationship to riverine influx 
[Weldeab et al., 2007].  Ba/Ca analysis of G. ruber (white) from ODP 625 in conjunction 
with δ18OGOM could provide a means to isolate salinity change.   
4.3 A comparison of records of Atlantic Warm Pool SSS:  Northeast GOM versus the 
Western Caribbean Sea 
Using the same multi-proxy approach (paired G. ruber Mg/Ca and δ18OC), a similar 
∆δ18OSW record was generated from ODP Site 999 in the Western Caribbean Sea.  This 
study also used the SPECMAP chronology to constrain age beyond the range of 
radiocarbon.  We plotted our ∆δ18O data with a 2% weighted smooth which allows for 
comparison on a similar temporal resolution (>1000 years per sample).  A comparison of 
Caribbean and GOM ∆δ18O over the past 150 ky (Figure 7) reveals some similarity, with 
both records exhibiting saltier conditions (increased ∆δ18O values) during glacial stages 4 
and 6.  These records are consonant with a build-up of salt in the Atlantic Warm Pool 
associated with NADW volume reduction during glacial stages 4 and 6, but not MIS 2.   
Furthermore, there are several interesting differences between the ∆δ18OGOM and 
∆δ18OCaribbean records.  The ∆δ18OGOM record exhibits higher variability and amplitude 
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Figure 6.  G. ruber Mg/Ca-SST, δ18OGOM, and estimated change in Gulf of Mexico 
sea surface salinity versus age (ka) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Sea surface temperature and salinity in the northeastern Gulf of Mexico during the past 155 ky.  Blue bars refer to glacial 
stages 2, 4, and 6.  (a) ODP site 625 Mg/Ca-SST (°C) record, (b) δ18OGOM calculated by subtracting global sea level change 
[Waelbroeck et al., 2002] from δ18OSW  (gray line) shown with 2 % weighted curve, (c) estimated change in salinity (psu) calculated by 
subtracting modern annual average salinity of 35.5 psu [NOAA/OAR/ESRL, 2008] from estimated salinity based on three isotopically 
different end-members (see Figure 5) versus age (ka).  Glacial stages 4 and 6 are characterized by higher δ18OGOM, which translates to 
an increase SSS.  Estimating the magnitude of ∆SSS is difficult because the contribution from each low salinity end-member is likely 
to have changed over time.  Estimated ∆SSS is unreasonably high for precipitation (>6 psu, black line) to account for the δ18OGOM over 
the last 155 ky.  Estimated ∆SSS indicated by MR (2-4 psu, dashed pink) during glacials is the same order of magnitude predicted by 
a general circulation model of reduced THC [Haarsma et al., 2008].  The most conservative estimated salinity changes (~1 psu, dark 
blue) call on significant meltwater contribution (-27.5 ‰ end-member) to account for the decreases in δ18OGOM. 
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than ∆δ18OCaribbean.  Additionally, ∆δ18OGOM shows both positive and negative excursions 
from modern conditions, whereas the ∆δ18OCaribbean record shows mostly positive 
excursions from modern conditions.  In particular, ∆δ18OGOM shows large negative 
excursions during stage 2 not seen in the δ18OCaribbean record.  The increase in variability 
and amplitude is due in part to several factors, including sampling resolution, variability 
in the mean position of the ITCZ, and freshwater influence on the δ18OSW. 
The average sedimentation rate at ODP Site 625 is 17.8 cm/ky over the last 155 
ky (see Appendix A, Table 1); in contrast, the average rate at ODP Site 999 is 4 cm/ky  
[Schmidt et al., 2004].  The higher sedimentation rate in ODP Site 625 allowed for a 
mean sampling resolution of 400 years.  ODP Site 999 provides a 1.1 ky sampling 
resolution [Schmidt et al., 2004].   
  Modern hydrology of the northeastern GOM, unlike the Western Caribbean Sea, 
is comparatively unaffected by the ITCZ.  Recent studies [e.g. Poore et al., 2003; Poore 
et al., 2004; Nurnberg et al., in press] have suggested past fluctuations in the mean 
position of the ITCZ affected Loop Current variability in the GOM.  However, even at 
the northernmost position, during the boreal summer and early fall, the ITCZ never 
reaches further than 10 °N [Waliser and Gautier, 1993].  Additionally, the fact that Loop 
Current intrusion to the northern GOM can occur at any season [Muller-Karger, 1991],  
and has periods of 6-17 months, suggests relatively little influence from the seasonally 
migrating ITCZ [Molinari, 1980].  Therefore we argue that the GOM receives minimal 
influence from seasonal and longer timescale changes in the mean position of the ITCZ.   
The close proximity of ODP Site 625 to the Mississippi River delta, and thus to 
the influence of freshwater influx, also affects the variability in δ18OGOM.  LIS melting 
produced isotopically depleted glacial meltwater, sometimes routed to the GOM, which 
could have substantially altered the δ18OGOM without effecting a large salinity change (see 
Figures 5 and 6).  Additionally, intervals of reduced NADW production associated with 
an influx of glacial meltwater, known to have occurred during the last glaciation [Hill et 
al., 2006], could be elusive.  An increase in salinity from reduced NADW production 
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would increase the δ18OGOM, whereas freshwater from glacial runoff would deliver very 
depleted waters to the GOM and lower the δ18OGOM.        
Figure 7.  Comparison of the difference in δ18O composition of seawater at ODP 625 
in the Gulf of Mexico (∆δ18OGOM) and ODP 999 in the Caribbean (∆δ18OCaribbean) 
relative to modern conditions versus age (ka)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Comparison of δ18OGOM relative to modern conditions in the Gulf of Mexico from ODP 625 (∆δ18OGOM) and in the 
Caribbean from ODP 999 (∆δ18OCaribbean) over the past 155 ky.  (a) ODP 625 ∆δ18OGOM (gray line with symbols) shown with 2 % 
weighted smooth (dark black) was calculated by subtracting the modern GOM δ18OSW value, 1.2 ‰ [Fairbanks et al., 1992] from 
δ18OGOM.  (b) ODP 999 ∆δ18OCaribbean was calculated by subtracting the modern Caribbean δ18OSW (0.8 ‰) from δ18OCaribbean [Schmidt et 
al., 2004].  Negative excursions from modern indicate fresher conditions (shaded blue) and positive excursions from modern indicate 
saltier conditions (shaded red).  Both records show increased δ18O of seawater relative to modern during glacial stages 4 and 6, but 
different signals during MIS 2-3.   
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4.4 Connection between GOM SST and SSS and THC variability 
We compare our GOM SSS and SST records to a benthic foraminiferal δ13C 
record from Site EW9209-1 (5°N, 43°W, in 4056 m water depth) on Ceara Rise over the 
last 155 ky [Curry and Oppo, 1996] (Figure 8).  Site EW9209-1 on Ceara Rise is ideally 
situated to record changes in the relative strength of NADW and Southern Ocean sources.  
Correlation of our GOM proxy records to Atlantic deep water variability was achieved by 
application of the same chronology to constrain age beyond radiocarbon.  To verify the 
correlation we compared our G. ruber δ18OC to the benthic δ18OC record from Ceara Rise 
(not shown).  Results indicate synchronous variability over the orbital scale.  The 
increase in δ18OGOM during glacial stages 4 and 6, indicating saltier conditions, appears 
concurrent with a decrease in benthic δ13C, which indicates reduced NADW volume.  In 
addition, millennial scale increases in SSS and SST occur after a weakening in NADW 
during MIS 5c, 5a, 4, and late stage 3.  The lag in SST and δ18OGOM response to NADW 
reduction ranges from 2.5-4.5 ky during MIS 5 and from 1.6-3 ky during MIS 4 and early 
MIS 3.  These results extend the findings in the Western Caribbean Sea [Schmidt et al., 
2004] from the orbital to the sub-millennial scale, such that a sequestration of both heat 
and salt follows a reduction in NADW strength in five intervals from ca. 115-50 ka. 
Results from proxy records of surface ocean circulation, and therefore heat and 
salt transport, provide an estimate of reduced Gulf Stream rates during the LGM [Lynch-
Stieglitz et al., 1999; LeGrande and Lynch-Stieglitz, 2007] and support the evidence of 
saltier conditions in the low latitude Atlantic from reduced THC.  In addition, there is 
evidence of Western North Atlantic SST and SSS variability concurrent with GS and GIS 
[Vautravers et al., 2004; Schmidt et al., 2006], which suggests heat and salt transport is 
connected to changes in Greenland air temperature.  Evidence of saltier conditions during 
glacial stages 4 and 6, as well as MIS substages 5a and 5c in the GOM (Figure 8) is 
consistent with increased Western North Atlantic SSS during GS.  Additionally, tropical 
to subtropical Western Atlantic SSS may act as a negative feedback during reduced THC 
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by pre-conditioning surface water density for a rapid resumption of NADW formation 
after a cool event [Latif et al., 2000; Schmidt et al., 2004].  
4.5 Meltwater Routing Hypothesis 
We test the Meltwater Routing Hypothesis discussed in section 1.2 by comparing 
∆δ18OGOM to ice core records of air temperature from the Eastern Dronning Maud Land 
(EDML) in Antarctica [EPICA Project Members, 2006] and North GRIP (NGRIP) in 
Greenland [NGRIP Project Members, 2004] (Figure 10).  The meltwater routing 
hypothesis predicts meltwater discharge to the GOM during Greenland interstadials 
[Clark et al., 2001].  In order to determine periods of freshwater discharge to the GOM  
we set a threshold of ± 0.2 ‰, corresponding to modern seasonal oxygen isotopic 
variability in northern GOM surface water, and evaluate the larger negative and positive 
excursions accordingly.  Freshwater events are defined as intervals where the δ18OGOM 
reaches ≥0.2 ‰ lower than modern (1 ‰ in δ18OGOM and -0.2 ‰ in ∆δ18OGOM), and 
persists for ≥1 ky.     
  
We find three freshwater events (I-III) (Figure 9) from 12-49 ka that do not match 
the eighteen Greenland interstadials in this interval, in opposition to a simple version of 
the Meltwater Routing Hypothesis [Clark et al., 2001].  The largest freshwater event, 
comprising IIa and IIb, occurred at the onset of glacial stage 2 at 23 ka, and appears to 
coincide with Heinrich Event 2 and Antarctic isotope maximum 2.  This result is similar 
to Hill et al. [2006] where a major GOM freshwater event was coincident with Heinrich 
Event 4 and Antarctic isotope maximum 8 (also known as Antarctic Warming 1, or A1).  
In addition, the corresponding salinity change associated with freshwater event IIa - IIb, 
ranges from 2-8 psu (depending on the low salinity end-member) (Figure 6).  Considering 
the regional climatology and also long duration of the excursion (>3 ky), a change of 8 
psu is unlikely due to the unreasonable amount of precipitation required  In contrast, if 
glacial freshwater contributed 100% of the isotopic change, a more conservative change 
in salinity of ~1 psu is estimated.  Overall, our results are consistent with Hill et al. 
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[2006] which suggested summer melting of the LIS southern margin occurred during 
warmings in Antarctica.   
The potential effects of salinity on Mg/Ca-based temperature reconstructions 
(e.g., Ferguson et al., 2008; Bice et al., 2007; deMenocal et al., 2007) suggests we may 
be overestimating the effects of temperature on δ18OC and therefore the amplitude of 
δ18OGOM change may be underestimated.  However, if large salinity changes account for 
higher Mg content and yields an overestimated SST, the negative excursions in δ18OGOM 
at the onset of stage 2 (freshwater event IIa - IIb) would increase in amplitude, yielding 
an even more unreasonable decrease in SSS.   
Overall, our study may lack the temporal resolution needed to capture all 
meltwater events in the GOM.  Additionally, modern dispersal of Mississippi River in the 
GOM, while occasionally flowing eastward, predominately spreads westward [Muller-
Karger et al., 1991], and meltwater events recorded to the southwest of the Mississippi 
River delta in Orca Basin, may be absent in De Soto Canyon [Nurnberg et al., in press].  
Nevertheless, we record a total of five freshwater events over the last 155 ky at 124.2-
119.7 ka, 110-106.7 ka, 38-36.5 ka, 26.3-23.8 ka, and 15.2-12.8 ka.    
4.6 Northeastern GOM paleo-productivity 
The δ13C isotopic composition of planktic foraminiferal calcite is controlled by 
the δ13C composition of ambient dissolved inorganic carbon (DIC), which is affected by a 
combination of surface water productivity, Mississippi River discharge, dissolved CO2 
concentration, the amount of symbiont photosynthesis [Jørgensen et al., 1985; Spero and 
Williams, 1988; Spero, 1998; Köhler-Rink and Kühl, 2005], and seawater pH [Spero, 
1998; McConnaughey, 2003].  In addition, on the glacial to interglacial timescale, the 
isotopic composition of surface water DIC is also influenced by changes in deep water 
mass properties [Spero and Lea, 2002].  Quantifying the contribution of symbiont 
photosynthesis is difficult because the major factors that contribute to photosynthetic 
rates are beyond the scope of this study (e.g., irradiance levels).  Therefore we do not  
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Figure 9.  ODP Site 625 ∆δ18OGOM and Mg/Ca-SST compared to NGRIP and EDML 
versus age (ka) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.  Comparison of ODP Site 625 ∆δ18OGOM and SST with ice core records over the last 60 ky.  Numbers refer to Greenland 
interstadials (GIS) and Antarctic isotope maximums (AIM) (previously known as Antarctic warmings).  Roman numerals refer to 
freshwater events (FE) in the northeast GOM.  (a) δ18Oice from North Greenland Ice core Project (NGRIP) [NGRIP Project members, 
2004].  (b) ∆δ18OGOM calculated by subtracting the modern oxygen isotopic seawater value, 1.2 ‰ [Fairbanks et al., 1992] from 
δ18OGOM; FE (shaded green) are defined as intervals when the ∆δ18OGOM reach ≥ 0.2 ‰ lower than modern conditions and persist for ≥ 
1 ky or more.  (c) Sea surface temperature (SST) from converting G. ruber Mg/Ca values using Mg/Ca = 0.449[0.09 • SST (°C)] [Anand et 
al., 2003] (d) δ18Oice from EPICA Dronning Maud Land (EDML) [EPICA Project members 2006].  Gray bars refer to Heinrich Events 
(HE 1-5).  There are 3 freshwater events in the northeast GOM that do not match the 18 GIS recorded in NGRIP.  A major freshwater 
event, FE IIa  - IIb, occurred during HE 2 and may be associated with AIM 2.   
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consider symbiont photosynthesis when interpreting large shifts in G. ruber δ13C.  To 
evaluate the controls on De Soto Canyon δ13C, we compare the G. ruber planktic δ13C 
record and percent coarse fraction data (or amount of material greater than 63 µm, the 
majority of which is planktic foraminiferal calcite) over the last 155 ky (Figure 10).   
The G. ruber δ13C record over the last 155 thousand years reveals orbital to 
millennial scale changes and has an amplitude of 1.5 ‰.  The >1 ‰ difference between 
interglacial stages 1 and 5 and glacial stages 2, 4 and 6, coupled with coarse fraction data 
suggests greater productivity during warm periods.  There is a prominent decrease in 
values of nearly 1 ‰ during transition from MIS 5 to 4.  The covariance in percent coarse 
fraction and decrease in δ13C values during the 5/4 transition supports the notion of 
reduced productivity.  In contrast, glacial stage 6 shows lower δ13C values and higher 
percent coarse fraction compared to the reversal during relatively warmer stage 3.  While 
a first order relationship suggests a positive relationship between percent coarse fraction 
and G. ruber δ13C, there is significant sub-millennial to millennial scale variability in G. 
ruber δ13C not reflected in percent coarse fraction that requires further explanation.   
Influx of Mississippi River water influences the δ13CDIC by introducing freshwater 
with high concentrations of 12C from soil [Tan, 1989].  Previous work has shown 
covariance in lower δ13C values recorded in G. ruber and greater abundance of angular 
siliciclastic grains, indicating periodic Mississippi River flooding during the middle to 
late Holocene [Brown et al., 1999].  Additionally, surface water enrichment in 12C could 
have resulted from glacial low-stands in sea level and a more direct source of terrestrial 
sediments from Mississippi River input to the northeast GOM.  In fact, the increase in the 
amount of silt and clay during the LGM is apparent from core photos at Site 625 
[Shipboard Scientific Party, 1985] and lower percent coarse fraction.  A comparison of 
∆δ18OGOM, reflecting the difference in regional hydrologic variability from modern 
conditions, and G. ruber δ13C could potentially offer evidence of increased Mississippi 
River runoff.   
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Figure 10.  δ13C composition of G. ruber and percent coarse fraction in ODP 625 
versus age (ka) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.  Raw G. ruber (a) δ13C (gray) shown with 2 % weighted curve (heavy black) and (b) percent coarse fraction in ODP 625 
over the last 155 ky.  The dashed line indicates samples processed in another lab and missing from our dataset.   
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supplementary Figure 4) are associated with more negative δ13C values, suggesting a 
modest relationship between Mississippi River runoff and GOM surface water δ13CDIC.  
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positive relationship between percent coarse fraction, G. ruber δ13C, and ∆δ18OGOM 
suggests Mississippi River discharge influences the δ13CDIC in the northeast GOM.   
Other possible influences on the G. ruber δ13C record include higher surface 
water pH during the LGM (0.2 ± 0.1 units) [Sanyal et al., 1995], which would effectively 
decrease the δ13C of G. ruber by 0.48 ‰ [Spero, 1998], and changes in deep water mass 
properties [Spero and Lea, 2002].  ODP Site 625 sits in <1 km, and is therefore bathed in 
Antarctic Intermediate Water (AAIW).  Spero and Lea [2002] argue the carbon isotopic 
minimum associated with glacial maxima results from Southern Ocean ventilation and 
replenishment of 12C-enriched DIC to the surface.  Once at the surface, the isotopically 
depleted waters sink to form AAIW.  AAIW is then transported through deep advection 
into the southern Atlantic and finally to the northeastern GOM, where it upwells and 
influences the δ13CDIC in surface waters.  More work is needed to distinguish between the 
contribution from AAIW and pH.  For now, we consider the possibility that both factors 
influence the δ13C towards more negative values.     
Interestingly, the peak in δ13C during the last interglacial did not occur until 
substage 5a, ~80 ka, a full 40 ky after the termination.  In contrast, MIS 2 to 1 carbon 
isotopic enrichment of G. ruber calcite developed in ~15 ky and δ13C reaches similar 
values as MIS 5a by the mid-Holocene.  While we have no ready explanation, the 
occurrence of a carbon isotopic maximum during late stage 5 in the eastern equatorial 
Pacific [Spero and Lea, 2002], Western Equatorial Atlantic [Curry and Oppo, 1996], and 
northeast GOM [this study] suggests a global response to perturbations in the carbon 
system.   
Overall, the positive relationship between percent coarse fraction and G. ruber 
δ13C provides an explanation for the large >1 ‰ shifts on the orbital scale.  Interpreting 
the sub-millennial to millennial scale variability, however, is difficult due to changing 
contributions from riverine influx, variability in surface water pH, changes in deep water 
properties, and symbiont photosynthetic rates.  This study is able to make first order 
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conclusions on the relative timing of each of these factors (except photosynthetic rates) 
based on percent coarse fraction, ∆δ18OGOM, and previous records.  
4.7 Last local occurrence of Globorotalia tumida flexuosa  
The last local occurrence (LLO) of G. flexuosa offers researchers working with 
low latitude deep sea sediments the ability to quickly distinguish sediments of Pleistocene 
age, adding another age control point.  LLO of G. flexuosa at ODP Site 625 was 
originally reported at 68 ka by Joyce et al. [1990] based on low-resolution δ18O data.  
Higher resolution δ18O data correlated to the SPECMAP stack allow us to report here a 
new LLO date for G. flexuosa in the northern GOM at 78.6 ka (Figure 1, Table 2).  The 
discrepancy between the dates determined from the same core site can be explained by 
the difference in sampling resolution and age models.  Joyce et al. [1990] sampled at a 
mean resolution of 15 cm, which, given the sedimentation rates for the last glacial, 
provides an average temporal resolution of ~1500 years per sample.  In contrast, our 
record was sampled at a mean resolution of 5 cm, which converts to a temporal resolution 
of <500 years per sample.  We report a new age for the extinction of G. flexuosa at 78.6 
ka within MIS 5a in the northern GOM based on core depth within Hole 625 C, 13.5-
13.55 mbsf (Table 2) and our age model.      
4.8 Two-step deglacial during termination II    
 Close examination of termination II in the GOM (Figure 11) reveals a climatic 
reversal.  The early rise in SST of 2.9 °C at 132.1 ka (n = 3) reverses and decreases by 
1.5 °C at 130.4 ka (n = 8; 3 replicates, 1 triplicate) for 2 ky before increasing 3.5 °C (n = 
8) to peak interglacial temperatures.  Similarly, the δ18OGOM record exhibits a decrease in 
values towards fresher conditions at 137 ka before a reversal characterized by a 0.5 ‰ 
increase in average values at 131 ka.  Benthic δ18O also show a decrease in values 
starting at 131.3 ka before a reversal towards more positive values at 129.5 ka.  These 
findings are consonant with a number of records exhibiting a two-step deglaciation 
during termination II including terrestrial [Shackleton et al., 2002] and marine  
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Figure 11. Two-step deglaciation during termination II  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  Two-step deglaciation during termination II.  (a)  Mg/Ca-SST (°C) from G. ruber Mg/Ca converted to temperature using 
Mg/Ca = 0.449[0.09 • SST (°C)] [Anand et al., 2003]; (b) ODP 625 δ18OGOM calculated by subtracting sea level [Waelbroeck et al., 2002] 
from δ18OSW (gray line refers to freshwater threshold as defined in text); (c) benthic δ18O of Cibicidoides spp corrected +0.64 ‰ 
[Duplessy et al., 1984] to compare with three Uvigerina spp. values; (d) Ceara Rise benthic δ13C [Curry and Oppo, 1996] indicate the 
relative strength of NADW; (e) global sea level [Waelbroeck et al., 2002] versus age (ka).  The reversal in SST rise, δ18OGOM decrease, 
and short increase in benthic δ18O coincide with a decrease in NADW, suggesting a link between THC and a two-step deglaciation 
during termination II.  GOM SST initial rise (132.1 ka) precedes the rise in global sea level (131.1 ka) by 1 ky.  Based on the defined 
threshold for freshwater to the GOM, δ18OGOM indicates three freshwater events from 124-119 and 110-105 ka.  
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[Siedenkrantz, 1993; Siedenkrantz et al., 1996; Lototskaya and Ganssen, 1999; Gouzy et 
al., 2004; Canariato and Kennett, 2005; Zhao et al., 2006; Lea et al., 2006; Skinner and 
Shackleton, 2006] climate records.  The age for the climate reversal can be constrained by 
238U/232Th dated corals from Barbados [Gallup et al., 2002] (129 ka) and the Western 
Pacific [Esat et al., 1999] (128 ka) that record a pause in sea level rise.  Our age model 
suggests the climate reversal occurred in the GOM between 127 and 132.5 ka, which is 
well within the error (± 3 ky) and suggests the pause in sea level occurred at the same 
time.     
A pause in the deglaciation (128-131 ka) reflected in benthic δ18O [Lototskaya 
and Ganssen, 1999; Gouzy et al., 2004; this study] coincident with a break in sea level 
rise [Esat et al., 1999; Gallup et al., 2002] and Heinrich Event 11 [Shackleton et al., 
2002], suggest a cold reversal triggered by a reduction in THC similar to the Younger 
Dryas  
[Rooth, 1982; Boyle and Keigwin, 1987; Keigwin and Lehman, 1994; McManus et al., 
2004].  In addition, there is evidence of fluctuating North Atlantic deep water sources, 
which resulted in millennial-scale SST fluctuations in the Western subtropical North 
Atlantic [Oppo et al., 2001], that supports a reorganization of THC with global  effects. 
Similarly, Ceara Rise benthic δ13C data shows a similar pause during termination II.  We 
argue that a return to saltier conditions prior to a decrease in SST and increase in benthic 
δ18O in the GOM is indicative of a reduction in NADW volume.   
5. Conclusion 
Stable isotope and Mg/Ca analyses of planktic Foraminifera from deep sea 
sediment cores from ODP Site 625 reveal orbital to millennial-scale variability in GOM 
SST and SSS during the late Pleistocene.  Northeast GOM SST exhibits a 4.4 ± 1.3 °C 
and 3.2 ± 0.99 °C glacial to interglacial SST change over termination I and II 
respectively.  Our record indicates the last interglacial was 1.2 ± 0.96 ° C warmer than 
present and MIS 6 was 2.3 ± 1.63 °C warmer than the LGM.   
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G. ruber δ18OC values range from 1.28 to -2.6 ‰ VPDB with an average of -0.14 
‰.  Glacial to interglacial δ18OC amplitude is 2.7 and 3 ‰ for terminations I and II 
respectively.  Global sea level may account for ~1‰ [Adkins et al., 2002] and glacial to 
interglacial temperature change accounts for 0.77 ‰ for termination I and 0.69 ‰ for 
termination II.  Therefore, the residual δ18OC change, denoted δ18OGOM, of 0.93 ‰ and 
1.31 ‰ respectively, likely reflects hydrologic variability.  The hydrologic variability 
reflected in the difference in δ18OGOM from modern (∆δ18OGOM) shows similarity to the 
difference in Caribbean Sea δ18OSW (∆δ18OCaribbean), with the former showing greater 
amplitude and variability.   
Additionally, sub-orbital increases in GOM SST and SSS closely followed 
decreases in the relative strength of NADW production based on Ceara Rise benthic δ13C 
data.  This finding is consistent with the hypothesis that the Atlantic Warm Pool responds 
to changes in THC by accumulation of heat and salt.  Overall, higher temporal resolution 
and comparable findings in GOM records compared with similar records from the  
effects.  Western Caribbean suggest GOM records provide more detailed records of 
climate variability within the Atlantic Warm Pool.     
A simple test of the Meltwater Routing Hypothesis reveals three freshwater 
events recorded in ODP Site 625 that do not match major Greenland interstadials, 
although we may lack the necessary temporal resolution and proximity to glacial 
discharges in the GOM.  A particularly large freshwater event, IIa - IIb, appears to 
correspond to with Antarctic isotope maximum 2 and Heinrich Event 2.  These findings 
support previous work that suggests summer melting of the LIS occurred during 
Antarctic warmings [Hill et al., 2006].   
To our knowledge, we are reporting the first evidence of a cold reversal in the low 
latitude Atlantic Ocean during termination II.  The initial rise in GOM SST at 132.1 ka of 
2.9 °C is followed by a cold reversal of 1.5 °C at 130.4 ka for 2 ky and final increase to 
full interglacial warmth.  The reversal in GOM SST is consonant with a pause in sea level 
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rise and reduced NADW, suggesting a reduction in THC may have caused a global two-
step deglaciation.   
These findings provide important clues to understanding the role of the Atlantic 
Warm Pool over the last glacial cycle.  However, there is a need for more tropical and 
subtropical SST and SSS records across multiple glacial-interglacial cycles to fully 
understand the role of the low latitude Atlantic Ocean in regional and global climate 
change.  Furthermore, the discovery of a climatic reversal during termination II raises the 
question of the existence of similar climate reversals during previous glacial terminations.  
In addition, our δ18OGOM record indicates large changes in Northeast GOM hydrology 
that require further examination.  Unraveling the different end-member contributions to 
the δ18OSW is needed to better understand the role of the Atlantic Warm Pool over the last 
155 ky in both regional and global climate change.  A more accurate quantification of the 
magnitude of salinity change requires a proxy sensitive to a single end-member 
contribution (i.e., riverine influx).  Finally, while this study was able to test a simple 
version of the Meltwater Routing Hypothesis, a similar study with higher temporal 
resolution would provide a more complete understanding of the role of LIS freshwater 
during abrupt climate change.      
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Appendix A:  Error Analysis and Supplementary Tables and Figures 
 
1.  Error Analysis 
 
Calculating the error associated with converting foraminiferal Mg/Ca to absolute 
temperature requires compounding errors from Mg/Ca-SST calibration, analytical 
precision, and intra-sample precision.  Anand et al. [2003] report the calibration error at ± 
1.13 °C, which is the largest portion of total error.  Analytical precision for Mg/Ca was 
<0.28 % root-mean standard deviation (1σ).  Intra-sample precision based on 11% (n = 
37) replicate and triplicate measurements is 0.25 mmol/mol.  To convert the precision 
error to error in °C we first perform a formal propagation of error [Beers, 1957]: 
√[(0.001 mmol/mol)2 + (0.25 mmol/mol)2] = 0.250 mmol/mol 
then apply the calibration equation to our mean Mg/Ca value: 
T (°C) = [ln(3.655 ± 0.250 mmol/mol)/0.449)]/0.09 = 23.30 ± 0.76 °C 
To sum the entire error associated with converting Mg/Ca to temperature we propagate 
error from the calibration error associated with the calibration equation [Anand et al., 
2003] and our total precision converted to temperature: 
√[(1.13 °C)2 + (0.76 °C)2] = ± 1.4 °C 
Error from the calculation of δ18OSW based on Mg/Ca-SST and δ18OC is a 
combination of analytical error and error associated with using established relationships 
between SST, δ18OC, and δ18OSW.  Bemis et al. [1998] calculate a precision of ± 0.5 °C in 
their high-light equation.  Analytical error and Mg/Ca-SST conversion error is as 
mentioned previously.  Total error in our δ18OSW calculation can be represented as:   
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Etotal = X + Y + Z 
 where X is the error in the Bemis et al. [1998] high-light equation, Y is the total error in 
converting Mg/Ca to temperature, and Z is the total analytical error in δ18OC 
measurements.  Since we are using the equation developed by Bemis et al. [1998] to 
calculate δ18OSW we convert the error associated with δ18O-temperature and Mg/Ca-
temperature to Vienna-Pee Dee Belemnite (‰ VPDB) scale by an established 
relationship of 0.208 ‰ · T °C-1 for foraminiferal calcite: 
X = 0.5 °C * (0.208 ‰ · T °C-1); X = 0.1 ‰ 
Y = 1.4 °C * (0.208 ‰ · T °C-1); Y = 0.29 ‰ 
Z = 0.06 ‰ (n = >500) 
Etotal = √[(0.1 ‰)2 + (0.29 ‰)2 + (0.06 ‰)2] = ± 0.32 ‰ VPDB 
The most conservative error reported with sea level reconstruction is ± 13 m 
[Waelbroeck et al., 2002].  Thus the most conservative estimation of error related with 
changes in δ18OSW related to sea level is ± 0.108 ‰ (if we assume 0.083 ‰ ·10 m-1).  The 
residual δ18O value, referred to as δ18OGOM, is assumed to reflect regional changes in 
evaporation and precipitation (i.e., isotopically different end-members).  We report the 
total error in estimating δ18OGOM by adding the error (all converted to ‰VPDB, see 
above) of each step (Calculation of SST) + (Calculation of δ18OSW) + (Sea level 
correction): 
√[(0.29 ‰)2 + (0.32 ‰)2 + (0.108)2] = 0.47 ‰ VPDB 
However, the above calculation ignores possible correlation errors between GOM records 
and the Waelbroeck et al. [2002] reconstructed sea level, which are difficult to quantify.  
Therefore, our formal calculation of total error represents a minimum estimate of 
δ18OGOM error. 
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2.  Supplementary Tables and Figures 
 
 
Table 1.  Sedimentation Rates 
MISa Depth (mbsf) Age (ka)b SR
c 
(cm/ky) 
1 0 - 1.65 4.75 - 12 26 
2 1.65 - 5.8 12 - 24 36 
3 5.8 - 11.8 24 - 59.3 24 
4 11.8 - 13.2 59.3 - 74.8 9 
5 13.2 - 15.7 74.8 - 122.5 5 
6 15.7 - 17.81 122.5 - 154.5 7 
a Marine isotope stage boundaries determined from G. ruber δ18OC , supplemented by Mg/Ca-SST and benthic δ18O 
b Age determined from age model for ODP 625  
c Sedimentation rates (SR) for ODP 625 were determined from change in core depth (mbsf) divided by change in age (ka).   
 
 
Figure 1.  Relationship between G. ruber Mg/Ca and average G. ruber weight per 
interval 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Relationship between the average individual G. ruber weight per interval and measured Mg/Ca.  Best-fit linear regression 
has an R value of 0.12 indicating variability in Mg/Ca values is not related to changes in the average individual weight of G. ruber.
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Figure 2.  Raw G. ruber Mg/Ca values and average G. ruber weight per interval 
versus core depth 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  (a)  Raw G. ruber Mg/Ca (gray with symbols) shown with 2 % weighted smooth and (b) average individual weights (gray 
with symbols), shown with 2 % weighted smooth, determined from total sample weight divided by the number of individual G. ruber 
versus core depth.  Light gray lines correspond to average Mg/Ca value for ODP 625, 3.655 mmol/mol and average individual G. 
ruber weight, 11.6 µg. 
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 Figure 3.  δ18O and δ13C Composition of G. ruber and Cibicidoides spp. versus core 
depth 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  (a) Raw G. ruber δ18O, (b) δ13C, (c) Cibicidoides spp. δ13C, and (d) benthic δ18O plotted against core depth (mbsf).    
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Figure 4.  Comparison of GOM δ18OGOM and G. ruber δ13C versus age (ka) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Comparison of δ18OGOM (a) and G. ruber δ13C (b) over the past 155 ky.  δ13C is plotted inversely to show negative 
excursions in the same direction as δ18OGOM.  Three of the five freshwater events (gray bars) (as defined in text) show a positive 
relationship with δ13C.   
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Appendix B:  Raw Data 
 
Table 2.  Raw G. ruber stable isotope, geochemical data with calculated proxy SST, δ18OSW,  
and δ18OGOM data for ODP 625  
Sample ID Depth (mbsf) 
Age  
(ka) 
%  
Coarse 
δ18OC  
(‰ 
VPDB) 
δ13C 
(‰ 
VPDB) 
Mg/Ca 
(mmol/ 
mol) 
SST  
(°C) 
δ18OSW  
(‰ VSMOW) 
B  1H1   0-1 0 4.75 3.93 -1.23 1.29 3.960 24.19 0.98 
B  1H1   5-6 0.05 4.95 13.32 -1.57 1.52 4.224 24.91 0.78 
B  1H1  15-16 0.15 5.35 5.28 -1.16 0.99 4.016 24.34 1.08 
B  1H1  20-21 0.2 5.55 6.27 -1.35 1.39 3.901 24.02 0.82 
B  1H1  25-26 0.25 5.75 7.61 -1.25 1.29 4.658 25.99 1.33 
B  1H1 30-31 0.3 5.95 5.42 -1.26 1.45 4.495 25.60 1.24 
B  1H1 35-36 0.35 6.15 7.78 -1.42 1.20 4.532 25.69 1.10 
B  1H1 41-42 0.41 6.39 10.33 -1.41 1.27 4.001 24.30 0.82 
B  1H1 60-61 0.6 7.16 6.04 -1.66 0.89 4.370 25.28 0.77 
B  1H1 65-66 0.65 7.36 13.56 -1.36 1.09 4.909 26.58 1.34 
B  1H1 75-76 0.75 7.76 6.07 -1.41 1.34 4.730 26.16 1.21 
B  1H1 90-91 0.9 8.36 9.30 -1.00 0.87 4.285 25.07 1.39 
B  1H1 95-96 0.95 8.56 6.14 -1.12 0.88 3.835 23.83 1.01 
B  1H1 100-101 1 8.75 3.05 -0.88 0.82 3.876 23.95 1.28 
B  1H1 105-106 1.05 8.95 5.10 -0.56 0.70 3.710 23.46 1.49 
B  1H1 110-111 1.1 9.14 3.09 -1.03 0.56 3.852 23.88 1.11 
B  1H1 115-116 1.15 9.33 3.68 -0.50 0.57 3.328 22.26 1.30 
B  1H1 120-121 1.2 9.50 5.20 0.00 0.10 3.938 24.13 2.19 
B  1H1 140-141 1.4 10.19 3.12 0.09 0.89 3.192 21.79 1.80 
B  1H2 5-6 1.55 10.71 2.94 0.22 0.70 2.995 21.09 1.78 
B  1H2 10-11 1.6 10.88 3.97 0.42 0.62 2.985 21.05 1.98 
B  1H2 15-16 1.65 11.05 2.32 0.80 0.73 3.330 22.26 2.60 
B  1H2 20-22 1.7 11.23 4.82 0.20 0.77 3.355 22.35 2.02 
B  1H2 25-27 1.75 11.40 3.46 0.85 1.00 2.841 20.50 2.28 
B  1H2 30-31 1.8 11.57 2.60 0.73 0.98 3.087 21.42 2.36 
B  1H2 35-37 1.85 11.74 1.83 0.42 0.88 2.742 20.10 1.78 
B  1H2 40-41 1.9 11.91 1.91 0.67 0.87 3.174 21.73 2.37 
B  1H2 45-46 1.95 12.09 2.44 0.38 0.78 3.497 22.81 2.30 
B  1H2 50-52 2 12.26 1.33 0.05 0.72 2.789 20.29 1.44 
B  1H2 56-57 2.06 12.47 2.17 -0.11 0.35 3.335 22.28 1.70 
B  1H2 60-61 2.1 12.60 2.11 0.71 0.74 2.906 20.75 2.20 
B  1H2 66-68 2.16 12.81 0.77 -0.01 0.77 2.582 19.44 1.21 
B  1H2 75-77 2.25 13.12 0.14 0.54 1.00    
B  1H2 85-87 2.35 13.46 0.11      
B  1H2 115-117 2.65 14.50 1.73 0.53 0.69 2.425 18.74 1.60 
B  1H2 120-122 2.7 14.67 1.66 0.17 0.64    
B  1H2 126-128 2.76 14.88 0.61 0.61 0.70    
B  1H2 136-138 2.86 15.22 0.25      
B  1H3 15-16 3.15 16.22 0.92 -0.09 0.68    
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Sample ID Depth (mbsf) 
Age  
(ka) 
%  
Coarse 
δ18OC  
(‰ 
VPDB) 
δ13C 
(‰ 
VPDB) 
Mg/Ca 
(mmol/ 
mol) 
SST  
(°C) 
δ18OSW  
(‰ 
VSMOW) 
B  1H3 20-22 3.2 16.39 0.61      
B  1H3 25-27 3.25 16.56 0.75 0.84 0.97 2.715 19.99 2.17 
B  1H3 30-32 3.3 16.73 0.40 0.34 0.81 3.233 21.94 2.08 
B  1H3 35-37 3.35 16.91 0.19 0.91 0.95    
B  1H3 40-42 3.4 17.08 0.32 0.66 0.36    
B  1H3 46-48 3.46 17.29 1.52 0.59 0.47 3.045 21.27 2.18 
B  1H3 50-52 3.5 17.42 0.89 0.50 0.48 2.723 20.03 1.84 
B  1H3 55-57 3.55 17.59 0.39 0.69 0.24    
B  1H3 60-62 3.6 17.77 0.36 0.92 0.36    
B  1H3 65-67 3.65 17.94 0.56 1.11 -0.04    
B  1H3 70-72 3.7 18.11 1.00 0.70 0.36 2.963 20.96 2.23 
B  1H3 80-82 3.8 18.46 0.12      
B  1H3 85-87 3.85 18.63 0.31 0.41 0.82    
B  1H3 105-107 4.05 19.32 0.11      
B  1H3 110-112 4.1 19.49 0.62 0.81 0.74    
B  1H3 115-117 4.15 19.66 0.10 0.11 0.83    
B  1H3 125-127 4.25 20.00 0.94 0.76 0.35    
B  1H3 130-132 4.3 20.18 0.79 0.69 0.72 2.920 20.80 2.19 
B  1H3 140-142 4.4 20.52 0.48 1.27 0.76    
B  1H3 145-147 4.45 20.69 2.17 -0.04 1.29 3.067 21.35 1.57 
B  1H4 10-12 4.6 21.21 0.23 0.22 0.59    
B  1H4 15-17 4.65 21.38 0.39      
B  1H4 20-22 4.7 21.55 0.57 0.86 0.53 2.891 20.69 2.34 
B  1H4 25-27 4.75 21.73 0.90 0.70 0.65 3.278 22.09 2.47 
B  1H4 30-32 4.8 21.90 0.39 0.72 0.38    
B  1H4 35-37 4.85 22.07 0.22 0.58 0.49    
B  1H4 40-42 4.9 22.24 0.59 0.76 0.72 2.813 20.39 2.17 
B  1H4 45-47 4.95 22.41 0.28 0.74 0.65    
B  1H4 51-53 5.01 22.62 0.24 0.90 0.63    
B  1H4 56-58 5.06 22.78  0.35 0.60 3.053 21.30 1.95 
C  1H1 15-16 5.15 22.94  -0.23 0.79    
C  1H1 20-21 5.2 23.02  0.08 0.55    
C  1H1 25-26 5.25 23.11  -0.06 0.80 2.908 20.76 1.43 
C  1H1 30-31 5.3 23.20  -0.11 0.33    
C  1H1 35-36 5.35 23.28       
C  1H1 40-41 5.4 23.37  -0.41 0.77 3.103 21.48 1.24 
C  1H1 45-46 5.45 23.46  0.42 0.59 2.899 20.72 1.90 
C  1H1 50-51 5.5 23.55  0.23 0.72 3.030 21.22 1.82 
C  1H1 55-60 5.55 23.63  -0.37 0.41 2.931 20.85 1.14 
C  1H1 60-61 5.6 23.72  -0.26 0.83 2.882 20.66 1.21 
C  1H1 65-66 5.65 23.81  -0.47 0.44 3.001 21.11 1.09 
C  1H1 70-71 5.7 23.89  0.09 0.64 3.340 22.30 1.90 
C  1H1 75-76 5.75 23.98  -0.85 0.38 3.046 21.27 0.75 
C  1H1 80-81 5.8 24.07  -0.29 0.72 2.797 20.33 1.11 
C  1H1 85-86 5.85 24.15    2.923 20.81  
C  1H1 90-91 5.9 24.24  -0.28 0.73    
C  1H1 95-96 5.95 24.32  -0.28 0.97    
C  1H1 100-101 6 24.41  -0.34 0.79 3.181 21.75 1.36 
C  1H1 105-106 6.05 24.49  -0.10 0.93 3.461 22.69 1.79 
C  1H1 110-111 6.1 24.58  0.18 0.86    
C  1H1 115-116 6.15 24.66  -0.43 0.58 3.113 21.51 1.22 
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Sample ID Depth (mbsf) 
Age  
(ka) 
%  
Coarse 
δ18OC  
(‰ 
VPDB) 
δ13C 
(‰ 
VPDB) 
Mg/Ca 
(mmol/ 
mol) 
SST  
(°C) 
δ18OSW  
(‰ 
VSMOW) 
C  1H1 120-121 6.2 24.75  0.46 0.64 3.187 21.78 2.16 
C  1H1 125-126 6.25 24.83  0.05 0.58 3.059 21.32 1.65 
C  1H1 130-131 6.3 24.92  0.81 0.67 3.034 21.23 2.39 
C  1H1 135-136 6.35 25.00  0.35 0.69    
C  1H1 140-141 6.4 25.09  0.15 0.80 2.979 21.03 1.70 
C  1H1 145-146 6.45 25.15    3.285 22.11 1.77 
C  1H1 150-151 6.5 25.21    3.362 22.37 1.83 
C  1H2 4-5 6.55 25.28  0.22 0.73    
C  1H2 9-10 6.6 25.46  -0.10 0.93 2.845 20.51 1.34 
C  1H2 14-15 6.65 25.64  0.04 0.82 3.415 22.54 1.90 
C  1H2 19-20 6.7 25.82    3.151 21.65 1.68 
C  1H2 24-25 6.75 26.01       
C  1H2 29-30 6.8 26.19  0.34 0.63    
C  1H2 34-35 6.85 26.37  0.07 0.54 3.239 21.95 1.81 
C  1H2 39-40 6.9 26.55  -0.06 0.76 4.171 24.77 2.27 
C  1H2 44-45 6.95 26.74  -0.13 0.72 3.904 24.03 2.04 
C  1H2 49-50 7 26.92       
C  1H2 54-55 7.05 27.10    3.246 21.98  
C  1H2 58-59 7.09 27.25  0.53 0.90    
C  1H2 65-66 7.16 27.50  -1.06 1.26    
C  1H2 69-70 7.2 27.65  0.13 0.44 4.095 24.56 2.41 
C  1H2 74-75 7.25 27.83  0.13 0.70 3.322 22.24 1.93 
C  1H2 79-80 7.3 28.01  -0.37 0.92 3.308 22.19 1.42 
C  1H2 84-85 7.35 28.20  -0.80 0.62    
C  1H2 89-90 7.4 28.38  0.08 0.77 3.174 21.73 1.77 
C  1H2 94-95 7.45 28.56       
C  1H2 99-100 7.5 28.75  -0.28 0.75 3.513 22.86 1.65 
C  1H2 104-105 7.55 28.93    3.576 23.05 1.97 
C  1H2 109-110 7.6 29.11  0.02 0.60 3.596 23.12 2.00 
C  1H2 114-115 7.65 29.29  0.38 0.48 3.474 22.73 2.28 
C  1H2 119-120 7.7 29.48  0.10 0.35 3.212 21.86 1.82 
C  1H2 124-125 7.75 29.66  0.92 0.41 3.358 22.36 2.74 
C  1H2 129-130 7.8 29.84  0.49 0.77    
C  1H2 134-135 7.85 30.02  -0.10 0.79 3.341 22.30 1.71 
C  1H2 139-140 7.9 30.21  0.44 0.58    
C  1H2 144-145 7.95 30.39  0.54 0.47 3.770 23.64 2.63 
C  1H2 149-150 8 30.57  0.38 0.70 3.413 22.54 2.24 
C  1H3 5-6 8.05 30.78  0.34 1.02 3.970 24.22 2.55 
C  1H3 10-11 8.1 30.99  0.66 0.96 3.348 22.32 2.48 
C  1H3 15-16 8.15 31.19  0.14 0.71 3.608 23.15 2.13 
C  1H3 20-21 8.2 31.40  0.03 0.72 3.205 21.84 1.75 
C  1H3 25-26 8.25 31.61  0.01 0.78 3.314 22.21 1.80 
C  1H3 30-31 8.3 31.82  -0.40 0.91 3.672 23.35 1.63 
C  1H3 35-36 8.35 32.03  0.05 0.82 3.352 22.34 1.87 
C  1H3 40-41 8.4 32.24  -0.18 0.76 3.207 21.85 1.53 
C  1H3 45-46 8.45 32.54  -0.25 0.97 3.550 22.97 1.70 
C  1H3 50-51 8.5 32.85  -0.26 0.76 3.483 22.76 1.65 
C  1H3 55-56 8.55 33.16  -0.49 1.07 3.133 21.59 1.18 
C  1H3 59-60 8.59 33.40  -0.20 0.79 3.382 22.44 1.64 
C  1H3 65-66 8.65 33.77  0.04 0.80 3.433 22.60 1.91 
C  1H3 70-71 8.7 34.08  -0.17 0.74 3.425 22.58 1.70 
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Sample ID Depth (mbsf) 
Age  
(ka) 
%  
Coarse 
δ18OC  
(‰ 
VPDB) 
δ13C 
(‰ 
VPDB) 
Mg/Ca 
(mmol/ 
mol) 
SST  
(°C) 
δ18OSW  
(‰ 
VSMOW) 
C  1H3 75-76 8.75 34.39  -0.71 0.93 3.565 23.02 1.25 
C  1H3 80-81 8.8 34.69 1.80 0.09 0.94 3.345 22.31 1.90 
C  1H3 85-86 8.85 35.00 1.79 -0.33 0.75 3.849 23.87 1.81 
C  1H3 90-91 8.9 35.31 2.56 -0.18 0.78 3.643 23.26 1.84 
C  1H3 95-96 8.95 35.61 2.77 -0.29 0.83 3.368 22.39 1.54 
C  1H3 100-101 9 35.92 3.44 -0.33 0.73 3.246 21.98 1.41 
C  1H3 105-106 9.05 36.34 2.13 -0.41 0.64 3.823 23.80 1.71 
C  1H3 110-111 9.1 36.76 3.17 -0.69 0.78 3.643 23.26 1.32 
C  1H3 115-116 9.15 37.17 2.00 -0.41 1.21 3.072 21.37 1.21 
C  1H3 120-121 9.2 37.59 1.34 -0.17 0.78 2.809 20.37 1.24 
C  1H3 125-126 9.25 38.01 2.69 -0.09 0.80 3.121 21.54 1.56 
C  1H3 130-131 9.3 38.42 3.54 0.41 0.75 2.851 20.54 1.85 
C  1H3 135-136 9.35 38.84 3.59 -0.16 0.83 3.288 22.12 1.61 
C  1H3 140-141 9.4 39.26 4.24 -0.17 0.86 3.285 22.11 1.61 
C  1H3 145-146 9.45 39.67 3.80 -0.12 0.81 3.011 21.14 1.45 
C  1H3 150-151 9.5 40.09 4.61 0.15 0.73 3.160 21.68 1.83 
C  1H4 4-5 9.55 40.51 2.89 0.11 0.96 3.012 21.15 1.68 
C  1H4 9-10 9.6 40.93 3.18 0.23 1.14 3.285 22.11 2.00 
C  1H4 14-15 9.65 41.34 3.66 -0.43 0.66 3.046 21.27 1.17 
C  1H4 19-20 9.7 41.76 5.22 -0.09 0.83 3.474 22.73 1.81 
C  1H4 24-25 9.75 42.18 4.91 0.12 0.78 3.216 21.88 1.85 
C  1H4 29-30 9.8 42.59 5.81 0.34 0.69 3.430 22.59 2.21 
C  1H4 34-35 9.85 43.01 5.40 0.00 0.89 3.081 21.40 1.63 
C  1H4 39-40 9.9 43.43 4.75 0.08 0.90 3.101 21.47 1.72 
C  1H4 44-45 9.95 43.85 3.02 -0.36 0.87 3.624 23.20 1.63 
C  1H4 49-50 10 44.26 1.50 -0.26 0.69 3.584 23.08 1.71 
C  1H4 54-55 10.05 44.68 1.24 -0.03 0.95 3.447 22.65 1.85 
C  1H4 59-60 10.1 45.10 3.13 0.14 0.64 3.158 21.68 1.82 
C  1H4 64-65 10.15 45.51 1.66 -0.08 0.43 3.467 22.71 1.82 
C  1H4 69-70 10.2 45.93 1.55 0.07 0.34 3.163 21.69 1.75 
C  1H4 74-75 10.25 46.35 1.68 0.07 1.03    
C  1H4 79-80 10.3 46.77 1.59 -0.07 0.34 3.132 21.58 1.59 
C  1H4 84-85 10.35 47.18 1.28 0.15 0.50 3.032 21.22 1.74 
C  1H4 89-90 10.4 47.60 1.70 -0.02 0.68 3.418 22.55 1.84 
C  1H4 94-95 10.45 48.02 1.83 -0.08 0.72 3.815 23.77 2.03 
C  1H4 99-100 10.5 48.43 1.71 0.22 0.74 3.148 21.64 1.89 
C  1H4 104-105 10.55 48.85 1.52 -0.26 0.69 3.440 22.62 1.62 
C  1H4 109-110 10.6 49.27 5.37 -0.55 0.74 3.270 22.06 1.21 
C  1H4 114-115 10.65 49.69 6.96 -0.36 0.65 3.157 21.67 1.32 
C  1H4 119-120 10.7 50.10 7.30 -0.20 0.83 3.463 22.70 1.69 
C  1H4 124-125 10.75 50.52 8.22 -0.70 0.64 3.544 22.96 1.25 
C  1H4 129-130 10.8 50.94 6.68 -0.64 0.81 3.981 24.25 1.58 
C  1H4 134-135 10.85 51.35 7.56 -0.37 0.79 3.610 23.16 1.62 
C  1H4 139-140 10.9 51.77 4.75 -0.42 0.66 3.863 23.91 1.73 
C  1H4 144-145 10.95 52.19 3.45 -0.02 0.73 4.089 24.55 2.26 
C  1H4 149-150 11 52.60 4.50 -0.08 0.61 4.009 24.32 2.16 
C  1H5 5-6 11.05 53.02 4.03 -0.14 0.64 3.512 22.85 1.78 
C  1H5 10-11 11.1 53.44 4.91 -0.19 0.57 3.531 22.92 1.75 
C  1H5 15-16 11.15 53.86 5.47 -0.29 0.66 3.363 22.37 1.54 
C  1H5 20-21 11.2 54.27 6.46 -0.10 0.52 3.515 22.86 1.83 
C  1H5 25-26 11.25 54.69 6.27 -0.25 0.54 3.355 22.35 1.57 
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Sample ID Depth (mbsf) 
Age  
(ka) 
%  
Coarse 
δ18OC  
(‰ 
VPDB) 
δ13C 
(‰ 
VPDB) 
Mg/Ca 
(mmol/ 
mol) 
SST  
(°C) 
δ18OSW  
(‰ 
VSMOW) 
C  1H5 30-31 11.3 55.11 4.31 -0.48 0.74 3.476 22.74 1.43 
C  1H5 35-36 11.35 55.52 2.13 -0.22 0.60 3.196 21.81 1.49 
C  1H5 40-41 11.4 55.94 3.18 0.12 0.78 3.520 22.88 2.06 
C  1H5 45-46 11.45 56.36 1.70 -0.35 0.68 3.617 23.18 1.64 
C  1H5 50-51 11.5 56.78 2.65 -0.34 0.48 3.647 23.27 1.68 
C  1H5 55-56 11.55 57.19 3.44 -0.07 0.67 3.668 23.34 1.96 
C  1H5 60-61 11.6 57.61 3.23 -0.25 0.77 3.328 22.26 1.56 
C  1H5 65-66 11.65 58.03 3.26 -0.79 0.86 4.566 25.77 1.75 
C  1H5 70-71 11.7 58.44 4.13 -0.29 0.73 3.957 24.18 1.91 
C  1H5 75-76 11.75 58.86 3.69 -0.35 0.70 3.542 22.95 1.60 
C  1H5 80-81 11.8 59.31 4.99 0.00 0.56 3.875 23.95 2.16 
C  1H5 85-86 11.85 59.86 3.53 0.06 0.75 3.591 23.10 2.04 
C  1H5 90-91 11.9 60.41 3.07 0.46 0.71 3.708 23.46 2.51 
C  1H5 95-96 11.95 60.96 2.58 0.83 0.58 3.481 22.76 2.73 
C  1H5 100-101 12 61.52 2.87 0.51 0.44 3.314 22.21 2.30 
C  1H5 105-106 12.05 62.07 2.02 0.67 0.44 4.008 24.32 2.90 
C  1H5 110-111 12.1 62.62 3.80 0.68 0.38 3.602 23.13 2.67 
C  1H5 115-116 12.15 63.18 2.78 0.28 0.57 3.639 23.25 2.29 
C  1H5 120-121 12.2 63.73 2.72 0.02 0.72 3.620 23.19 2.02 
C  1H5 125-126 12.25 64.28 2.57 -0.14 0.78 3.849 23.87 2.00 
C  1H5 130-131 12.3 64.83 1.91 -0.04 0.84 3.214 21.87 1.68 
C  1H5 135-136 12.35 65.39 1.57 -0.03 0.87 3.590 23.10 1.95 
C  1H5 140-141 12.4 65.94 1.44 0.33 0.68 3.605 23.15 2.32 
C  1H5 145-146 12.45 66.49 1.14 0.36 0.72 3.918 24.07 2.54 
C  1H5 150-151 12.5 67.05 0.29 0.36 0.53 3.531 22.91 2.30 
C  1H6 4-5 12.55 67.60 2.05 0.17 0.65 3.652 23.29 2.19 
C  1H6 9-10 12.6 68.15 1.72 0.24 0.68 3.687 23.40 2.28 
C  1H6 14-15 12.65 68.70 1.49 0.25 0.65 3.587 23.09 2.22 
C  1H6 19-20 12.7 69.26 1.67 0.58 0.72 3.208 21.85 2.30 
C  1H6 24-25 12.75 69.81 1.83 0.46 0.68 3.498 22.81 2.38 
C  1H6 29-30 12.8 70.36 2.24 0.33 0.90 3.714 23.48 2.39 
C  1H6 34-35 12.85 70.92 2.15 0.29 0.65 3.245 21.98 2.04 
C  1H6 39-40 12.9 71.47 3.60 0.21 0.63 3.278 22.09 1.97 
C  1H6 44-45 12.95 72.02 3.24 0.95 0.67 3.244 21.97 2.69 
C  1H6 49-50 13 72.58 2.55 0.44 0.69 3.825 23.80 2.56 
C  1H6 54-55 13.05 73.13 2.97 0.53 0.83 3.402 22.50 2.38 
C  1H6 59-60 13.1 73.68 3.28 0.45 0.64 3.715 23.48 2.51 
C  1H6 64-65 13.15 74.23 4.27 0.30 0.88 3.363 22.37 2.13 
C  1H6 69-70 13.2 74.78 2.98 0.38 1.01 3.571 23.04 2.35 
C  1H6 74-75 13.25 75.33 5.04 0.05 0.92 3.227 21.92 1.78 
C  1H6 79-80 13.3 75.87 6.24 -0.55 1.02 3.476 22.74 1.35 
C  1H6 84-85 13.35 76.42 3.80 -0.13 0.91 3.601 23.13 1.86 
C  1H6 89-90 13.4 76.96 3.81 -0.41 0.96 3.657 23.30 1.62 
C  1H6 94-95 13.45 77.51 5.87 -0.37 1.39 3.581 23.07 1.60 
C  1H6 99-100 13.5 78.05 8.13 -0.43 1.30 3.989 24.27 1.79 
C  1H6 104-105 13.55 78.60 10.75 -0.16 0.95    
C  1H6 109-110 13.6 79.14 11.06 -0.42 1.16 4.177 24.78 1.91 
C  1H6 114-115 13.65 79.68 8.40 -0.57 1.36 3.874 23.94 1.58 
C  1H6 119-120 13.7 80.23 12.44 -0.47 1.31 3.898 24.01 1.70 
C  1H6 124-125 13.75 80.77 14.45 -0.42 1.27 3.900 24.02 1.75 
C  1H6 129-130 13.8 81.32 10.41 -0.54 1.40 4.368 25.28 1.89 
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Sample ID Depth (mbsf) 
Age  
(ka) 
%  
Coarse 
δ18OC  
(‰ 
VPDB) 
δ13C 
(‰ 
VPDB) 
Mg/Ca 
(mmol/ 
mol) 
SST  
(°C) 
δ18OSW  
(‰ 
VSMOW) 
C  1H6 134-135 13.85 82.38 17.16 -0.69 1.46 3.944 24.14 1.51 
C  1H6 139-140 13.9 83.44 13.07 -0.60 1.37 4.025 24.37 1.64 
C  1H6 144-145 13.95 84.50 10.86 -0.66 1.30 3.911 24.05 1.52 
C  1H6 149-150 14 85.56 10.80 -0.80 0.69 3.861 23.91 1.35 
C  1H7 4-5 14.05 86.62 11.93 -0.69 1.09 3.858 23.90 1.45 
C  1H7 9-10 14.1 87.68 9.62 -1.04 1.18 3.946 24.15 1.16 
C  1H7 14-15 14.15 88.74 5.80 -0.48 1.37 3.901 24.02 1.69 
C  1H7 19-20 14.2 89.80 4.27 -0.69 0.99 4.194 24.83 1.65 
C  1H7 24-25 14.25 90.86 7.03 -0.60 1.02 3.732 23.53 1.47 
C  1H7 29-30 14.3 91.93 11.52 -0.49 0.96 3.734 23.54 1.58 
C  1H7 34-35 14.35 93.02 16.38 -0.60 0.84 4.036 24.40 1.65 
C  1H7 39-40 14.4 94.11 15.55 -1.03 0.87 4.081 24.52 1.24 
C  1H7 44-45 14.45 95.20 16.92 -0.91 0.82 3.923 24.08 1.27 
C  1H7 49-50 14.5 96.29 15.03 -0.81 1.01 3.598 23.12 1.17 
C  1H7 54-55 14.55 97.38 20.98 -0.65 0.91 4.008 24.32 1.58 
C  1H7 59-60 14.6 98.47 21.48 -0.96 0.93 4.050 24.44 1.30 
C  1H7 64-65 14.65 99.57 19.50 -1.03 1.07 4.338 25.20 1.38 
C  1H7 69-70 14.7 100.66 18.34 -0.96 0.75 4.054 24.45 1.29 
B  2H5 82-83  14.72 101.10  -0.48 0.92 4.117 24.62 1.82 
B  2H5 84-85 14.74 101.54  -1.11 1.02 4.798 26.32 1.54 
B  2H5 86-87  14.76 101.98  -1.14 0.81 4.338 25.20 1.27 
B  2H5 88-89 14.78 102.42  -0.93 1.00 4.288 25.07 1.46 
B  2H5 90-91 14.8 102.85  -0.70 0.72 4.182 24.79 1.63 
B  2H5 92-93  14.82 103.29  -1.20 0.85 4.350 25.23 1.22 
B  2H5 94-95 14.84 103.73  -0.54 0.82 3.691 23.41 1.50 
B  2H5 96-97 14.86 104.17  -0.98 0.67 4.383 25.32 1.46 
B  2H5 98-99  14.88 104.61  -0.51 0.81 4.160 24.74 1.81 
B  2H5 100-101  14.9 105.05  -1.12 0.89 4.013 24.34 1.11 
B  2H5 102-103 14.92 105.49  -1.07 0.83 4.096 24.56 1.22 
B  2H5 104-105 14.94 105.93  -0.69 1.11 4.247 24.97 1.67 
B  2H5 105-106 14.95 106.15  -0.65 0.62 3.914 24.06 1.53 
B  2H5 106-107 14.96 106.37  -1.11 0.41 3.929 24.10 1.08 
B  2H5 108-109 14.98 106.81  -0.64 0.50 4.054 24.45 1.62 
B  2H5 110-111 15 107.25  -1.28 0.16 3.947 24.15 0.91 
B  2H5 112-113 15.02 107.69  -0.84 0.23 3.926 24.09 1.34 
B  2H5 114-115  15.04 108.13  -1.30 0.40 4.209 24.86 1.05 
B  2H5 116-117  15.06 108.57  -1.53 0.69 4.068 24.49 0.74 
B  2H5 118-119 15.08 109.01  -0.99 0.63 4.170 24.76 1.33 
B  2H5 120-121 15.1 109.45  -1.18 0.58 3.975 24.23 1.03 
B  2H5 122-123 15.12 109.89  -1.47 0.33 4.531 25.68 1.04 
B  2H5 124-125 15.14 110.33  -1.38 0.98 5.074 26.94 1.40 
B  2H5 126-127  15.16 110.77  -1.26 1.08 4.525 25.67 1.25 
B  2H5 128-129 15.18 111.21  -1.18 0.55 4.183 24.80 1.15 
B  2H5 130-131 15.2 111.66  -1.26 0.62 4.379 25.31 1.18 
B  2H5 132-133 15.22 112.10  -1.51 0.69 4.498 25.61 0.99 
B  2H5 134-135 15.24 112.54  -1.44 0.94 4.199 24.84 0.90 
B  2H5 136-137 15.26 112.98  -1.46 0.88 4.434 25.44 1.01 
B  2H5 138-139 15.28 113.42  -1.31 0.89 4.323 25.16 1.09 
B  2H6 0-1 15.4 116.06  -1.72 0.75 4.781 26.28 0.92 
B  2H6 3-4 15.43 116.72  -1.88 0.98 4.940 26.65 0.84 
B  2H6 6-7 15.46 117.38  -1.18 1.38 5.333 27.50 1.71 
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Sample ID Depth (mbsf) 
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%  
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VPDB) 
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B  2H6 9-10 15.49 118.04  -1.88 0.79 4.964 26.70 0.85 
B  2H6 12-13 15.52 118.68  -1.69 0.79 5.421 27.68 1.24 
B  2H6 15-16 15.55 119.31  -1.73 0.84 4.676 26.04 0.86 
B  2H6 18-19 15.58 119.94  -1.85 0.77 4.848 26.44 0.83 
B  2H6 21-22 15.61 120.58  -2.64 0.30 5.069 26.93 0.13 
B  2H6 24-25 15.64 121.21  -1.81 0.70 4.939 26.64 0.90 
B  2H6 27-28 15.67 121.84  -1.63 0.75 5.067 26.93 1.14 
B  2H6 30-31 15.7 122.47  -1.62 0.57 4.313 25.14 0.79 
B  2H6 33-34 15.73 123.10  -1.99 0.87 4.591 25.83 0.56 
B  2H6 36-37 15.76 123.74  -1.98 0.52 4.330 25.18 0.43 
B  2H6 39-40 15.79 124.37  -0.93 0.77 4.443 25.47 1.54 
B  2H6 42-43 15.82 125.00  -0.46 0.80 4.222 24.90 1.89 
B  2H6 45-46 15.85 125.63  -0.58 0.53 4.038 24.40 1.67 
B  2H6 48-49 15.88 126.26  -0.43 1.14 3.945 24.15 1.77 
B  2H6 51-52 15.91 126.89  -0.71 0.85 3.760 23.61 1.38 
B  2H6 54-55 15.94 127.53  0.50 0.82 4.158 24.73 2.82 
B  2H6 57-58 15.97 128.16 4.06 -0.21 0.89 3.756 23.60 1.87 
B  2H6 60-61 16 128.79 3.30 0.62 0.32 3.635 23.24 2.63 
B  2H6 63-64 16.03 129.32 1.60   4.019 24.35  
B  2H6 66-67 16.06 129.86 4.20 0.49 0.60 3.676 23.36 2.52 
B  2H6 69-70 16.09 130.39 2.51 0.21 0.56 3.806 23.75 2.32 
B  2H6 72-73 16.12 130.92 2.27 0.10 0.42 4.098 24.57 2.38 
B  2H6 75-76 16.15 131.46 6.68 0.20 0.57 4.334 25.19 2.61 
B  2H6 78-79 16.18 131.99 7.13 0.48 0.89 3.721 23.50 2.54 
B  2H6 81-82 16.21 132.53 8.04 0.78 0.65 3.371 22.40 2.61 
B  2H6 85-86 16.25 133.24 8.84 0.05 0.51 3.622 23.20 2.05 
B  2H6 88-89 16.28 133.77 8.30 0.75 0.59 3.308 22.19 2.54 
B  2H6 91-92 16.31 134.31 8.64 0.39 0.53 3.558 23.00 2.35 
B  2H6 94-95 16.34 134.84 2.55 -0.08 0.50 3.503 22.82 1.84 
B  2H6 97-98 16.37 135.37 5.93 0.27 0.44 3.388 22.46 2.11 
B  2H6 100-101 16.4 135.91 6.16 0.55 0.44 3.551 22.98 2.50 
B  2H6 103-104 16.43 136.44 6.77 0.09 0.44 3.937 24.12 2.28 
B  2H6 105-106 16.45 136.80 6.77 0.90 0.66 3.315 22.21 2.69 
B  2H6 108-109 16.48 137.33 7.36 0.56 0.43 3.273 22.07 2.32 
B  2H6 111-112 16.51 137.86 7.35 0.84 0.59 3.570 23.04 2.80 
B  2H6 114-115 16.54 138.40 6.62 0.48 0.51 3.561 23.01 2.44 
B  2H6 117-118 16.57 138.93 5.96 0.38 0.80 3.583 23.08 2.35 
B  2H6 120-121 16.6 139.46 5.98 0.89 0.67 3.702 23.44 2.94 
B  2H6 123-124 16.63 140.00 7.73 0.67 0.86 4.009 24.33 2.90 
B  2H6 126-127 16.66 140.53 7.33 0.95 0.63 3.905 24.03 3.12 
B  2H6 129-130 16.69 141.07 5.96 0.54 0.62 3.667 23.34 2.57 
B  2H6 132-133 16.72 141.60 6.42 0.54 0.60 3.597 23.12 2.52 
B  2H6 135-136 16.75 142.13 5.21 0.29 0.62 3.793 23.71 2.40 
B  2H6 138-139 16.78 142.67 6.75 0.49 0.41 3.575 23.05 2.45 
B  2H6 141-142 16.81 143.20 4.18 0.42 0.59 3.696 23.42 2.47 
B  2H6 144-145 16.84 143.73 6.32 0.15 0.59 3.595 23.11 2.13 
B  2H6 147-148 16.87 144.27 4.57 0.49 0.30 3.562 23.01 2.45 
B  2H6 149-150 16.89 144.62 5.56 0.71 0.44 3.855 23.89 2.86 
B  2H7 5-6 16.95 145.69 6.03 0.73 0.46 3.373 22.41 2.56 
B  2H7 10-11 17 146.58 4.85 0.49 0.64 3.665 23.33 2.52 
B  2H7 15-16 17.05 147.47 7.26 0.54 0.78 3.666 23.33 2.57 
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Sample ID Depth (mbsf) 
Age  
(ka) 
%  
Coarse 
δ18OC  
(‰ 
VPDB) 
δ13C 
(‰ 
VPDB) 
Mg/Ca 
(mmol/ 
mol) 
SST  
(°C) 
δ18OSW  
(‰ 
VSMOW) 
B  2H7 20-21 17.1 148.36 5.35 0.57 0.55 3.748 23.58 2.65 
B  2H7 25-26 17.15 148.79 5.47 0.40 0.33 3.640 23.25 2.41 
B  2H7 30-31 17.2 149.23 4.18 0.49 0.61 3.740 23.55 2.56 
B  2H7 35-36 17.25 149.66 1.73 0.10 0.71 3.930 24.10 2.29 
B  2H7 40-41 17.3 150.10 4.10 0.27 0.28 3.847 23.87 2.41 
B  2H7 45-46 17.35 150.53 5.34 0.64 0.44 3.511 22.85 2.57 
B  2H7 50-51 17.4 150.96 3.81 0.78 0.37 3.293 22.14 2.56 
B  2H7 55-56 17.45 151.40 4.65 0.79 0.31 3.717 23.48 2.85 
B  2H7 60-61 17.5 151.83 4.36 0.57 0.37 3.369 22.39 2.40 
B  CCW 2-3 17.56 152.35 2.69 0.83 0.41 3.203 21.83 2.54 
B  CCW 7-8 17.61 152.78 2.81 0.82 0.41 3.727 23.52 2.88 
B  CCW 12-13 17.66 153.22 5.38 0.80 0.63 3.882 23.97 2.96 
B  CCW 17-18 17.71 153.65 6.73 0.81 0.59 3.689 23.40 2.85 
B  CCW 22-23 17.76 154.09 6.77 0.51 0.54 3.782 23.68 2.60 
B  CCW 27-28 17.81 154.52 10.33 0.49 0.64 3.578 23.06 2.46 
 
 
